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PREFACE

The proceedings of the First Industry/Government Conference on STOL
1'ranepozt Aircraft Noise Certification are recorded in this publication.
The corference was held in the Vz-eral Aviation AdminisLocion's Head-
quarters on January 30, 1969, and attendance was available to all groups
interested in the orderly development of STOL commerce. Organization of
the conference was accomplished under the management of the FAA's Office
of Noise Abatement with the support and close cooperation of the National
Aeronautics and Space Administration.

The objective of the conference was to initiate activities which will
result in an interchange of informati,. and proposals which could serve
as the base for STOL transport noise certification criterion. As such
it is hoped that these proceedings will be considered as a departure
point for the forthcoming noise rulemaking activities. Since the pre-
sentations at the conference were by members of the FAA and NASA, it
is apparent that the comments tend to reflect a Government bias, however,
it is our intent to provide an opportunity for all concerned parties to
contribute to the formulation of the future STOL noise rule. Further,
it is considered fortunate that we have the opportunity to jointly ad-
dress the problem of STOL noise now with a constructive approach rather
than later with, at best, a remedial approach.

The conference proper was structured after the classical acoustician's
me.-hod of problem analysis; i.e., by seeking solutions at the source,
related to the transmission path, and eventually in the vicinage of the
receiver. The source mechanisms in some cases are many years old and
we will need new ideas and techniques to provide solutions. In c her
cases, the acoustic mechanisms are new and acoustic control can be de-
veloped concurrent with vehicle development. The transmission path
acoustic problems are in general amenable to solution through flight
operational techniques and air traffic control procedures. It is in
this area that STOL aircraft have great potential. The acoustic prob-
lems at the receiver are always complex. In the case of STOL aircraft,
a new dimension of complcYity is added because of the fact that opera-
tions in both urban and suburban environments are anticipated. The
presented papers at the conference explored these problems in depth con-
sistent with the time alloc,.ated to each speaker during the one day con-
ference, Accordingly, there is need for further development of the
considerations here presented. The printed papers were not editea and
are the presentations of the respective speakers and as such, are ex-
perted to initiate thoughtful consideration of the STOL noise problems
in their reepective areas.

Definitive responses, as outlined by Mr. I. H. Hoover in his concluding
remarks, are expected from concerned industry and community members. It
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is expected that these responses will lead to the formulation of a wor?.-
ing STOL transport n ise certification task force and that they will pro-
vide guidance for that task force. Finally, it is anticipated i hat this
effort will result in the development of noise certification criterion
which will be equitable and advance the growth of an economically viable
STOL transportation system.

JOHN 0. POWERS, Chief
Technical Support Staff
Office of Noise Abatement
Federal Aviation Administration
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CONFERENCE ON STOL TRANSPORT
AIRCRAFT NOISE CERTIFICATION

Welcome to FAA. And welcome to this first industry-wide conference on
STOL Transport Aircraft Noise Certification.

I'm sure everyone here this morning knows that FAA has just recently
issued its first rulemaking proposal concerning aircraft noise certifi-
cation. But let me recap, for just a minute, some of the history lead-
ing up to this proposal.

After several years ot nvanting public concern, including several hear-
ings up on the Hill, Congress, last July, enacted Public Law 90-411.

It was, and is, a landmark piece of legislation. It requires FAA to
prescribe rules for the control and abatement of aircraft noise. Sounds
simple, but I needn't tell this group it's not.

It's long overdue and very much in the public mind these days. And that's
where we come in.

Anyway, Congress passed the law. It was the basis and the authority for
the Notice of Proposed Rule Making which I mentioned a few minutes ago.
The proposal may be changed somewhat as a result of conments we are now
receiving. The deadline for public comment is March 12, 1969. We will
then issue a finai rule and It will set a precedent for the future.

Obviously, it is just the first step. It pertains only to new, large,
transport category aircraft. But that's because we took on the most
urgent problem first. The law does not overlook any category of aircraft.
STOL's day is coming. And that's why you're here today. The purpose of
this conference -- if I may use a currently popular phrase -- to get a
dialogue started.

Realistic noise criteria are needed for STOL aircraft. For your benefit
as well as the public's, the sooner the better. Neither government nor
industry can afford to let STOL aircraft further escalate the noise
problem. As a matter of fact, local communities won't allow it. And
they are the ones who ultimately decide whether or not L. .L ports will
be built in their neighborhood.

Much has been said about the bright future of STOL aircraft. We agree.
But there are some "IFs." One of the biggest is if STOL development can
proceed uninhibited by the fear of greater noise pollution.

In your discussions today, I think you should avoid trying to precisely
define the types of aircraft which are to be categorized as STOL aircraft.
I say this because current airworLhiness standards for powered-lift type
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STOL aircraft are considered "tentative," design criteria for metro-
politan STOL ports are termed "interim," and there is no standard defi-
nition for the word "short." Therefore, for the purposes f this con-
ference, I would suggest that you refer to STOL aircraft as those air-
craft that are capable of (1) taking off and landing on runways of
limited length, (2) of climbing and approaching at steep angles, (3)
deriving a substantial portion of their lift and control from power.

It is not our intention to discuss rotor craft in any detail because
we believe that the noise characteristics of these aircraft are unique
enough to require separate consideration.

While many of the rotor craft are capable of operating in a STOL ;ode,
the criteria for their noise certification will be treated in a separate
action. Small aircraft also are comparable in many operating aspects
to STOL aircraft.

However, for those of you who are interested in noise as it relates to
the development or operation of small aircraft should find today's
discussions to be most interesting.

Again, it is the hope and desire of the agency that STOL aircraft are
economically viable and socially acceptable. As you begin the activities
today, you should keep in mind that the main objective of aircraft noise
certificatioi is to insure that noise will not be an inhibiting factor
when STOL ports are introduced in urban and quburban communities.

Our experience over the last decade with jet aircraft leads us tv con-
clude that it would be foolhardy -- if not a breach of the public trust
on our part -- if we failed to recognize the seriousness of the oise
problem in the development of STOL aircraft. But it doesn't stop there.
We also mist take positive steps to minimize noise at the ve2ry earliest
stages of development. If we don't, we may not only 1"btbit the potential
for comnercial STOL operations -- we could kill that potential by default.

In closing, 1 want to thank the members of the National Aeronautics and
Spa:e Administration who have generously given of their time in support
of this conference.

I hope 5ou have a productive and interesting day.

* vii
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TH FEDERAL AVIATION AiMINISTRATION ROLE IN
STOL DEVELOPMENT

The fact that we are here today means that we are moving beyond the
study phase; i.e.,

• Studies of v*hicles

• Studies of systems
Hp

• Studies of markets

"S. udies you have done

" Studies we have done

Now we are getting down to the business of bringing STOL transportation
into being. Noise certification is one of the steps which industry and
government must take together to resolve questions of what is required
in aircraft design, aircraft operation, STOL port siting and design.

The impetus to getting STOL appears to be the economic .queeze of con-
gestion. As a result, we may see STOL transportation getting started by
using STOL runways at the major airports; but this is only a part of the
potential environment. 0TOLs must move into their own facilitie3s. Facili-
ties much closer to the public than generally possible with the major air-
ports that take hundreds and thousands of acres. Because of a significant
number of people traveling to and from downtown, the first place we look
for a iite is downtown out perhaps the land availability and market will
force us to the suburban area as well; then the noise differential may be
much greater so the problem much worse. Our agency considers tho noise
problem second only to safety. From the design standpoint, we expect you
must conclude that designing for noise reduction is as important as your
designing for vehicle performance, As I indicated, noise certification is
one of the steps; we are also developing airworthiness, certification and
operational requirements, airspace procedures, airport design standards and
navigation equipment such as the instrument approach system. The R&D to
support this effort includes R&D in aircraft flight characteritics, flight
operations, navigation iystems, etc.

Why are we scz interested in STOLs? Because we see it as a eans of reliev-
ing congestion at airports and providing convenience in air travel for the
millions of people who travel only a few hundred miles. With the STO1 de-
velopment supported by the high density travel areas, we can expLzt STOLs
to move into many smaller cities and provide fast convenient air transpor-
tation where the expenditure in funds needed for large airports or extensive
surface :zetworks is not available.
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We know STOLs are technically feasible but to be economically feasible
there must be simultaneous development of the ground and airspace facilities.

As always, new aircraft set in motion changes to the Airport Systems, but
today, as never before, the airports are choked off and organized communi- 
ty groups are revolting against further noise and smoke intrusion. This
atmo-phere of thought makes the development of any airport, including STOL
ports, extremely difficult. Unless we can show the public that STOL air-
craft are quiet neighbors, it may prove impossible to expand STOL into its
prime market area. Studies and planning for STOL ports are underway in
some of the metropolitan areas. If noise and pollution were not a problem,
STOL port siting would be quite feasible in many areas of a city because
the length of the facility would be relatively short, the funnel of airspace
would be relatively small because of the steep approach and climbout, the
offset approach, and the low tight turn crpabilities of the aircraft.

In add.tion, advancements being made in area navigation and the instrument
approach system may facilitate operating the aircraft along devious routes
so as to minimize noise exposure to noise sensitive areas.

As an indication of what we expect the aircraft operation generally to be,
here is a short film of 7 1/20 approaches by two transport aircraft tested
at the National Aviation Facility Experimental Center. Three mile inter-
cept and two miles on the glide slope were part of the test setup at NAFEC
and the pilot removing his hood at 200 feet for a visual landing.

3
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NOISE STUDY OF TRANSPORT DESIGNS.

Iltroduction: NASA conracted with the Boeing Company (Vertol), Ling-
Temco-Vought, Inc., and Lockheed-California Company to study the techni.-
eel and economic feasibility of V/STOL concepts for short haul commercial
transport aircraft. Results are evailable in NASA contractor reports
CR-670, CR-743, and CR-902. The purpose of the studies was to determine
which of the various V/STOL concepts were the most promising for develop-
ment into successful coumercial short haul transports and to identify the
near term research required to develop the aircraft. The studies included
some theoretical analyses of the noise generating characteristics of the
various V/STOL aircraft designs. This presentation reviews some of the
study results with emphasis on the noise characteristics of STOL aircraft.

Figure No. 1: A three-view drawing of a typical turboprop STOL design
is shown. A family of turboprop aircraft were designed for VTOL, V/STOL,
and STOL with commercial field lengths of 1000 and 2000 feet. The ap-
proach airspeed of the STOL designs for 1000 are 2000 foot field lengths
was 55 and 85 knots respectively. Aircraft that were designed for a pure
VTOL mission will not be discussed. However, V/STOL aircraft will be dis-
cussed because V/STOL aircraft are representative of STOL aircraft having
very high performance. The tilt wing feature shown.in Figure No. I was
not unique to the V/STOL designs; for example, the 1000 foot field length
STOL aircraft utilized 20 degrees of wing tilt. Turbojet engines were in-
stalled in the aft fuselage (not shown) for pitch control. The number of
pitch engines, which were a major source of noise, depended upon the field
performance of the STOL aircraft, i.e., the V/STOL design r-luired two
pitch engines, the 1000 foot STOL required one pitch engine, and the 2000
foot STOL required no pitch engines.

Figure No. 2: A typical fan-in-wing V!STOL design is shown. Aircraft
were designed for a 500 statute mile range and payloads corresponding to
60 to 120 passengers. Figure No. 2 shows the "9ure" or classical fan-in-
wing concept in which the same turbojets are utilized to drive the ti2-
turbine lift fans and to provide thrust for cruise flight. The pitch fan
in the nose of the fuselage ,as incorporated in the 1000 and 2000 foot
field length STOL designs as well as the V/STCL design shown. Due to
airframe-propulsion system integration problems the fan-in-wing V/STOL
design gross weight was 79,000 pounds -ampared to 62,000 pounds for the
turboprop V/STOL. However, though this particular fan-in-wing concept
was heavy, it featured some favorable noise generating characteristics
as presented later.

Figure No. 3: A typical composite fan-in-wing 2000 foot field length
STOL design is shown. The word "composite" herein means that separate
propulsion systems were used to drive the lift fans and for cruise flight;
in this case four turbojets uwunted in the top of the fuselage were used
to drive tip-turbine lift fans and two turbofans with a bypass ratio of
three were used for cruise. Study design criteria limited propulsion
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system technology to the 1970 time period. The cruise engines were di-
verted to provide lift in low speed flight. This feature reduced lift
fan diameter and other system requirements such that airframe-propulsion
system integration difficulties were significantly reduced. The result
was a lighter design, compared to the "pure" fan-in-wing design, but it
was also a noisier design because of the separate cruise propulsion
system.

Figure No. 4: A typical jet flap 2000 foot field length STOL design is
shown. Four 1.1 to 1.0 bypass rsato turbofans were used with one-halfof the primary exhaust flow diverted through a ducting system to provide

a momentum coefficient, Cu, of 0.2 over wing flaps, rudder, and elevator.
The fan flow and one-half of the primary flow exhausted through vector-
ing nozzles. While the jet flap itself was relatively quiet, this jet
flap aircraft c:onfiguration was very noisy because of the use of the small
diameter, multiple vectoring nozzles. Side studies showed that use of
increased bypass ratio turbofans would have reduced gross weight, DOC,
and noise, so this jet flap design is included herein only for presenta-
tion of a sensitivity study.

Figure No. 5: A typical cruise fan 2000 foot field length STOL design
is shown. The design features externally blown flaps; in this case
during low speed flight the exhaust from the cruise fans is directed over
wing trailing edge double-slotted flaps. The cruise fan 2000 foot STOL
was much quieter than the jet flap 2000 foot STOL and was also competi-
tive noisewise with lift fan aircraft. One disadvantage of this extern-
ally blown flap STOL design, however, was that large weight and economic
penalties were realized as field length capability was reduced from 2000 feet.

Figure No. 6: The attenuation of the perceived noise levels of various
STOL designs is presented. The ordinate is PNdB which is the classical
frequency-weighted sound pressure level - not effective PNdB which includes
corrections for pure tones and other parameters. The theoretical predic-
tions of the perceived noise levels of the various study designs fall
within the boundaries shown. The figure shows that (I) at distances less
than about 2000 feet, the propeller aircraft (including rotor V/STOL de-
signs) generated less perceived noise than fan aircraft, (2) at about a
2000 foot distance the perceived noise for all the various aircraft was
about the same, and (3) beyond about 2000 feet the lift fan aircraft gen-
erated less perceived noise than the other aircraft. This is because
high-frequency noise attenuates at a greater rate than low-frequency
noise, and the lift fan aircraft generated the higher frequency noise.
Maximum perceived noise limits of about 68-7C PNdB have been suggested
for residential areas at night. Based on a 70 PNdB limit, lift fan STOL
aircraft could operate several miles closer to residential areas than
the propeller or rotor STOL designs. The significance of the attenuation
characteristics shown in Figure No. 6 depends upon the degree to which
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the absolute noise levels can be reduced in the future but, for some
aspects of the noise problem, Figure No. 6 illustrates that propeller
aircraft require the largest noise reductions.

Figure No. 7: Ninety PNdB contours are shown for three STOL aircraft
designs on the ground at takeoff power. These results, and all other
results presented herein, are from theoretical analyses with predicted
accuracies of from +3 PNdB to +6 PNdB. Despite these possible large
errors in absolute perceived noise levels, experimental results are
slowly being accumulated which substantiate the theoretical results of
this presentation. Some of these experimental results will be presented
by Dave Hickey in a following presentation. Figure No. 7 shows that a
high performance STOL (i.e., V/STOL) "pure" fan-in-wing design, which is
heavier than the turboprop design, is competitive acoustically with the
turboprop designs. The difference in the 90 PNdB contours for the two
turboprop designs is due to the differences in installed power and be-
cause the V/STOL design has two pitch engines in the aft fuselage com-
pared to no pitch engines for the turboprop STOL designed for a 2000 foot
field length.

Figure No. 8: For the same three aircraft of Figure No. 7, Figure No. 8
shows 90 PNdB contours that correspond to a takeoff followed by a 20 degree
climbout with full takeoff power utilized throughout the climb. The fan-
in-wing V'STOL design has the smallest footprint, but even it is a large
footprint in the context of operation from a city center. For the turbo-
prop 2000 foot STOL, an area roughly two miles by three miles is subjected
to 90 PNdB or more. For the fan-in-wing aircraft the boundary is about
one mile by two miles.

Figure No. 9: Ninety PNdB contours that correspond to a landing with a
10 degree approach path are shown. Figure No. 9 illustrates that noise
generation for the landing case is significant but less severe than for
the takeoff case shown in Figure No. 8. Figures No. 7, 8, and 9 illustrate
the need for large noise reductions for all STOL designs if near city
center operations are to be realized. Not illustrated by figure were
results predicted for cruise flight with the aircraft in level flight at
an altitude of 2000 feet above the observer. Perceived noise levels were
100 + 5 PNdB for a wide vari.ty of V/STOL and STOL designs. It thus ap-
pears that noise generated by STOL aircraft during flight at relatively
low altitudes is another significant aspect of the noise problem.

Figure No. 10: The effect of design propeller tip speed on block speed,
gross weight, direct operating cost, and perceived noise level are pre-
sented for a turboprop 2000 foot field length STOL aircraft. The ground
rule for this sensitivity stu'y was to maintain aircraft mission capability
including field performance while reducing propeller tip speed from the
originally selected value of 900 fps to 700 fps to assess potential noise
reductions. Wing-loading and thruot-to-weight ratio were held constant.
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Accompanying the reduction in propeller tip speed were an increase in
propeller activity factor, increased propeller weight, increased gear
box and associated drive system weights (due to increased torque), in-
creased engine size and weight, etc. As propeller tip speed was reduced,
Figure No. 10 shows block speed increased (due to increased thrust avail-
able for cruise at constant static thrust-to-weight ratio), gross weight
increased, DOC for a 500-mile stage length decreased due to the impact of
block speed, while Derceived noise as received by an observer in line with
the take-off path a.,d 5000 feet from the brake release point remained es-
sentially constant. (At a point 500 feet from the aircraft at brake re-
lease the perceived noise levels also remained essentially unchanged as
presented later). Thup, for this particular design, it was found that
reducing propeller tip speed reduced the propeller noise but increased
engine noise with an overall result that little was achieved acoustically.
This sensitivity study thus raises a red caution flag and illustrates
that potential noise reductions must also be studied in the context of
the complete aircraft designed for a given mission.

Figure No. 11: The effect of static thrust-to-weight ratio on block
speed, gross weight, DOC, and perceived noise level are presented for
"pure" fan-in-wing STOL aircraft. The static thrust-to-weight ratio was
varied over a range corresponding to field length capabilities from about
1000 to 2000 feet as shown. Mission range and payload were maintained
for this parametric family of fan-in-wing STOL aircraft. As field length
was decreased from 2000 feet to about 1000 feet, (1) block speed incr-ased
due to increased thrust available, (2) gross weight increased due to in-
creased engine size, tail areas, etc., (3) direct operating cost increased
despite the impact of block speed because of increased gross weight and a
significant inc ase in propulsion system cost, and (4) perceived noise
levels at the j000 foot point from brake release decreased in favor of
the higher thrust-to-weight ratio STOL aircraft because of the effect of
increased distance betcen the aircraft and the observer. At the 500
foot distance from brake release, the perceived noise levels for this
family of fan-in-wing STOL aircraft remained about the sanx because the
main source of noise was fan blade passage noise which was predicted to
be essentially the same for both aircraft. Figure No. 11 illustrates
that noise reductions may be accompanied by economic penalties.

Figure No. 12: The effect of static thrust-to-weight ratio on block
speed, gross weight, DOC, and perceived noise level are presented for
the jet flap STOL design. This sensitivity study was similar to that
described for the fan-in-wing aircraft, Figure No. 11, and the results
are also similar; namely that increasing the thrust-to-weight ratio de-
creased perceived noise levels at 5000 feet from brake release but sub-
stantially increased the direct operating cost of the jet flap STOL aircraft.
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Figure No. 13: A sumnary of the sensitivity studies, Figures No. 10, 11,
and 12, plus additional sensitivity studies conducted on two rotox V/STOL
aircraft designs are presented. The figure is largely self-explanstory
with the added note that the perceived noise level tabulation headed "At
Brake ReLease" is for a 500 foot distance from the aircraft in the di-
rection of peak intensity with the aircraft static on the groun at take-
off power. Examination of Figure No. 13 reveals that, for the five types
of V/STOL and STOL aircraft shown, the studies that were conducted to as-
sess the sensitivity of far-field perceived noise to parametric changes
in aircraft design were either unsuccessful in reducing perceived noise
levels or reductions in perceived noise levels were accompanied by sig-
nificant economic penalties.

In conclusion, noise reductions may be achieved by (1) parametric air-
craft design optimization, (2) aircraft operational considerations and
techniques, and/or (3) application of noise reduction techniques at the
noise source. Each of these is important. However, to achieve the major
reduction in noise which is needed for all types of STOL aircraft, Figure
No. 13 and other results presented herein suggest that the best approach.
to noise reduction is to continue to increase knowledge of noise source
characteristics to permit the application of effective noise reduction
techniques at the noise source. This approach to noise reduction will
be the subject of several of the presentations to follow.
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NOISE SCIRCE CHARACTERISTICS OF PROPELLERS AND ENGINES

ABSTRACT

Brief descriptions are presented of the it'in physical characteristics of
the noise generated by propellers, reciprocating .r),ines, and jet engines
including both exhaust jet mixing and flv. interaction noiA components.
Illustrations are given of the noise pressure time histories from the
above sources. Also included are illustrations of the various types of
noise spectra encountered in connect-:,n with the above sources and the
significance of spectrum shape wh .egard to annoyance reactions. Low-
frequency, broad-band, and discrate-tone spectra are discussed and are
illustreted along with the shapes of the associated radiation patterns.
Brief discussions are also inm luded regarding the current status of the-
ories and methods for predicting noise from the above sources and the
atmospheric propagation losdes as a function of distance fror the sources.

INTRODUCTION

This paper contains a brief digest of information relative to the physical
chiracteristics of some of the main noise sources of STOL vehicles. Based
on experience, the propulsion units of the aircraft are the dominknt 3ources
of noise and hence the application of noise reduction procedures to them
may affect the overall design and performance of the aircraft. Figure 1
contains a list of sources to be considered which are: propellers, recip-
rocating engines, and gas turbine engines, including both the straight jet
and fan types. Other sources of noise such as accessories, gearing, etc.,
may i- certain cases he significant from a noise standp int but noise
reduction procedures in these cases will involve mainly detail design con-
siderations and thus should not markedly affect the overall performance
of the aircraft.

The noise source characteristics to be considered are listed in figure 2.
It goes without saying that the level of the noise is an important con-
sideration in the design and operation of STOL vehicles. Other charac-
teristics of the noise such as the spectrum, the temporal characteristics,
the radiation patterns and time duration of exposure ae of special sig-
nificance and will also be considered.

GENERAL CONSIDERATIONS

Before considering the individual noise sources and their characteristics,
there are some considerations of a general nature that should be noted.

Since annoyance reaction is a main consideration in the ncise problem,
it is well to keep in mind the characteristic annoyance reaction curve
of figure 3. This curve represents equal annoyance levels as determined
from jury tests. These results suggest the importance of spectrum shape.
In general, it can be seen that high frequency noises of a given level
are equally annoying as lower frequency noises at relatively higher levels.

26



2

Another consideration in the annoyance problem is the effect of atmos-
pheric absoiptioL during noise propagation. The characteristic noise
attenuation curve of figure 4 is well known and has a characteristic
shape. Generally, the higher frequencies are attenuated at a much faster
rate than the lower frequencies. Thus, high frequency noise components
which are an important consideration in annoyance at small distances may
be substantially attenuated at very large distances. There are, however,
many situations in STOL operations where the distances are not large
enough to attenuate the noise sufficiently due only to atmospheric losses.

TYPES OF NOISE SPECTRA

The types of noise spectra encountered in the vicinity of STOL vehicles
having various types of power plant. can be characterized by the example
spectrum envelopes of figure 5. The low frequency spectrum envelope
curve is representative of many propeller driven aircraft. The noise
from the propeller is generally greater at the lower frequencies except
for the case of very high propeller tip speeds. Reciprocating engine
intake and exhsust noises also follow a similar spectrum shape.

The broad band noise spectrum curve on the other hand ie representative
of Jet engines for which the exhaust mixing noise or other sources of
random noise are dominant. Spectra containing strong discrete tones may
be associated with lift fans or with fan type power plants for which ef-
fective acoustic treatments have not been included. No particular sig-
nificance should be attached to the relative vertical positions of these
three envelope curves since they will each vary depending on the design
and operational features of the particular power plant. In the next few
figures, schematic diagrams are included to illustrate some of the physical
properties of the noise from propellers, reciprocating engines and gas
turbine engines.

Figure 6 illustrates the type of noise spectra associated with propellers.
The top diagrams represent a relatively low tip speed condition. The dis-
c-ete frequency components, associated with those aerodynamic loads on the
blades which are harmonically related to the propeller rotational frequency,
decrease in amplitude markedly as frequency increases. Vortex noise, as-
sociated with fluctuating viscous forces, which need not be harmonically
related to the propeller rotational frequency, is identified as the broad
band components at the higher frequencies. The noise pressure time history
for such a low speed propeller has the gross features of a sine wave which
recurs at a frequency correoponding to the blade passage frequency. The
boctom sketches of figure 6 relate to a higher tip speed condition. The
vortex noise is dominated by the rotational noise for which the higher
harmonics are relatively stronger than at low tip speeds. In this high
speed case, the noise pressure wave forms are more peaked in appearance
and their peak factors are thus markedly greater than for those of the
low speed propellers.
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Figure 7 contains a sample noise spectrum for a turboprop power plant for
which the propeller is the dominant noise producing component. It can be
seen that only a few noise peaks are present, and these are harmonics of
the propeller blade passage frequencius. Although not shown in the figure,
the higher frequency components were reduced in amplitude to the point
,ere they were not identifiable on the spectrum plot. These data are
for a specific airplane installation, however, they are representative
of many turboprop installations for which the accessory and exhaust noise
components are of little concern.

In a conventional reciprocating engine-powered propeller installation,
the engine noise can be comparable to the propeller noise and hence is
of direct concern. Some sample data for such a power plant are shown in
Figure 8. The solid line peaks represent propeller noise harmonics which
occur at the blade passage frequency. The dashed line peaks represent
the engine noise components which are integral multiples of the engine
firing frequency. Several observations can be made. First of all a large
number of engine frequencies are present, and some of these are noted to
be of the same order of magnitude as the propeller noise components. There
is, however, no systematic pattern of amnpliLide of the engine components
as a function of frequency. This unusual amplitude pattern is the result
of asymmetries in the geometry of the engine exhaust collector system.
The result is that some pulse frequencies add in phase and some add out
of phase. For the particular example shown a gear box was used. The ell-
gine frequencies thus were not integral multiples of the propeller shaft
frequencies. Cases are encountered, however, where some of the engine
frequencies occur at exactly the propeller blade passage frequencies thus
making a noise source analysis very difficult. There is a further analysis
complication in the case of a reciprocating engine. The intake noises oc-
cur at the same frequencies as the exhaust noises, and unless some special
precautions are taken, the separation of noises from these two sources may
not be possible. In comparing the data of this figure with those of
figure 7, it is obvious that the use of a gas turbine drive unit is bene-
ficial in essentially eliminating firing frequency noises.

The noise from gas turbine power plants varies considerably depending on
the type of engine cycle, the operating conditions, and the position of
the observer. The types of noise spectra encountered, however, can be
represented schematically by the data of figures 9 and 10. The broad band
noise components come either from the mixing of the exhaust jet with the
ambient air or from the interactions of the air flows with the internal
components of the engine. Tones are associated with interactions of the
internal flows and the rotating components of the engine.

Figure 9 represents a situation where the discrete frequency tones are
strong compared to the broad band noise. Such a condition may exist for
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turbojet engines operating at Partial power conditions or for turbofan
engines which incorporate large rotating machinery components. In the
latter case, these tones may be observable both in front of and to the
rear of the engine. The time history of the noise pressures for such
a noise condition has the gross features of an amplitude modulated sine
wave as indicated in the top sketch of figure 9.

For the condition where the broad band noise is the dominant component,
the data of figure 10 will apply. The broad band noise dominates for
engines having high exit velocities or which have been modified to reduce
the pure tone components. The noise pressure time histories in such cases
have the appearance of a random signal as indicated in the top sketch of
figure 10.

NOISE RADIATION PATTERNS

Noise radiation patterns for the three types of noise sources considered
in this paper are illustrated schematically in figure 11. The reciprocat-
ing engine exhaust which has the main features of a simple acolistic source
has essentially a nondirectional radiation pattern. The propeller which
can be represented by an area distribution of dipole acoustic sources ra-
diates the maximum noise generally in the direction of the plane of the
propeller and slightly behind it as indicated by the middie sketch. The
jet exhaust noise which arises becvuse of a she-ing action of the flows
and which has the main features of a volume of "adrupole acoustic sources
has maximum noise radiation to the rear at approximately 400 from the
thrust axis.

At high speeds, the directional patterns of these -'.rces will differ
somewhat from those of the static condition. ror the purpose of this
paper, however, the forward speed effects will generally be small except
in the case of the propeller as suggested by figure 12.

The sketches of figure 12 represeit th sound pressure level distributions
as a function of distance along zLe ground underneath a rotating propeller.
The left hand sketch represents the propeller operating in such a way that
its plane of rotation is perpendicular to the grouttd, the maximum value
being behind the plane of rotation. For the static case where the pro-
peller plane is parallel to the ground, and in a static or hovering con-
figuration, a double peaked symmetrical sound pressure level. distribution
pattern is observed.

For the case of forward speed of the propeller as in a transition maneuver,
the asymmetrical pattern of the dashed line is obtained from theoretical
analyses of D. L. Lansing and J. A. Drischler, Jr., of NASA Langley Research
Center. In this case, the forward radiation lobe is strengthened to the
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eN:ent thnv higher noise levels over a greater distance are observed
on the ground. This characteristic distortion of the pattern would be
accentuated at increased forward speeds.

PREDICTION METHODS

The methods available for predicting the noise from the various sources
considered in this paper are indicated in figure 13. For the case of
the reciprocating engine, reliance is placed entirely on experimental
noise data. Although more sophisticated prediction methods may eventually
be available, their development is hindered by the nonlinear acoustic
propagation situations existing within the collector manifolds and exhaust
pipes. In the case of the jet exhaust a large amount of experimental data
have been collected and some theoretical work is available which indicates
behavior trends of the data. Thus, eupirical methods are available for
noise prediction based on a knowledge of the engine operating conditions.
In the case of propellers some theoretical methods are available for noise
prediction in addition to experimental and empirical procedures. Theoret-
ical methods are at present known to be useful only for some special cases
and are not generally adequate for all prediction purposes.
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CHARACTERISTICS OF NOISE GENERATED BY
DUCTED PROPELLERS AND FANS

In a previous paper, Mr. Deckert has shown typical STOL aircraft and it-g
established that with existing power plants they will be noisy or cosl
to operate or both. Before power plant noise is reduced, it is first
necessary to understand how the noise is generated. Figure No. I is a
list of noise ;ources. One basic source is the rotational noise caused
by the pressure field received by an observer stationary with respe to
a rotor. This noise appears at the blade passing frequency and hrrmonics
of the blade passing frequency. Another noise source is the vortex, or
viscous noise. This noise occurs over a broad frequency range. The .rd
basic noise source is jet mixing, and is caused by the shearing actin of
zwo fluids at different dirspeeds. When propulsion components are dded
together, interactions between the cotronents can cause noise. Especially
well known is the interaction of a rctor and an adjacent stator. Impul-
sive noise comes from still another ource. Rotor blade slap is a well
known example of this. Impulsiw. n se comes from operation of the pro
pulsion system in such a manner thu. ti-e operating environment has tirm'
variant features. Before moving on, a point should be made about jet mx
ing noise. It has been fashionable in the past to equate noise and disk
loading. Low disk loading automatically meant low noise. Actually, disk
loading defines jet velocity only. Figure No. 2 shows jet mixing noise
versus wake velocity. Spotted on this curve are rotary wing, propeller,
and lift fan data from er. Deckert's paper. Even though the level of the
wake mixing noise can be debaLed at the lower velocity end of the curve,
the noise is far below other power plant noise sources in the types of
power plants to be considered here. Therefore, jet mixing will t be
discussed as a noise source for this paper.

Before proceeding further, it is necessary to define ducted propellers
and fans. As shown in Figure No. 3, a ducted propeller has a very low
pressure ratio which means stators are not required and cruise speeds will
be relatively low. On the other hand, ducted fans may have presagere ratios
to 1.5. With this pressure ratio, stators are required. Cruise steeds
with these types of fans can approach .9 Mach number. Figure No. 4 is a
sketch of a typical ducted propeller. The propeller will typically have
few blades and centerbody support struts. The primary noise source would
be expected to be rotational noise. The ducted fan, sketched in Figure
No. 5, usually has the rotor and stator close tog ther to minimize volume
and weight. Thi3 means that rotor-stator interaction L.an be the primary
noise source. The noise is caused by time variant pressure fields that
originate from operation in the wake and potentibi field of another :omponent.

Some of the characteristics of ducted propeller and fan noise are shown in
the following figures. Figure No. 6 shows sound pressure level as a func-
tion of frequency for a 1.1 pressure ratio fan. The fan rotor harmonics
are well defined. This fan was driven by a turbojet Engine and the noi3e
at the blade passing frequency of the engine ompressor is also well defined.
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This noise is a combination of rotational noise and rotor-stator inter-
action noise. If these sources could be eliminated the sound pressure
level would drop 10 to 15 db. The remaining noise is vortex and jet
mixing noise. The directivity of noise from two ducted propellers and
a fan is shown in Figure No. 7. For the two-bladed pro-eller, noise
peaks about 500 from the inlet axis and again 1200 from the inlet axis.
For the three-bladed propeller, which happens to be a full-scale X-22
propeller, the sound pressure level peaks as with the smaller propeller.
The curve labeled 1.1 pressure ratio is for the same fan that provided
the previously discussed spectrum. It shows directivity similar to the
other fans, except that there is a small peak on the fan axis. In gen-
eral, the directivity of the three units is very similar in spite of
their diverse geometry. Perhaps the extreme case in fan designs is the
lift fan (Figure No. 8). Since this fan is used only for direct lifting,
it must be easily stowable. Therefore, by definition, a lift fan is
short axially, and noise from close rotor-stator spacing is likely to
be strong.

The lift fan, because of its small volume and length, will try the in-
genuity of noise reduction technologists. Up until this time there has
been no comment on the fan drive system. The cnly full-scale fans avail-
able today are tip turbine fans. Figure No. 9 shows how these fans op-
erate. The exhaust gas from the engine is channeled to the scroll that
distributes the gas circumferentially around the fan then exhausts the
gas through a nozzle into the tip turbine which is an integral part of
the fan rotor. A great deal of the energy of the exhaust is absorbed
by the tip turbine so that jet mixing noise is low. For fans now flying
in the XV-5, there are seven turbine blades for each fan blade. This
puts the turbine blade passing frequency near the upper limit of audi-
bility, thus turbine noise is low and the main noise source external to
the fan is the engine compressor. Of course these external noise sources
must be carefully considered in propulsion system noise analyses. Measured
directivity of two lift fans, one with outlet guide vanes and one with
inlet g c' vanes, is shown in Figure No. 10. The axes are oriented in
the sa :,anner as the earlier directivity plot. The directivity is very
similar to that of the fans with longer shrouds. Thus it would seem that
directivity patterns, in terms of sound pressure level, are likely to be
similar for any ducted propeller or fan.

Few measurements are available to verify noise predictions of complete
STOL airplanes. Some measurements are available for a large-scale lift
fan model (Figure No. 11). This model had six three-foot diameter lift
fans that were driven by two J-85 engines. The model was nine feet above
the ground. The engine inlets were located above the fuseLage so that
compressor noise probably was not a large contributor. One quarter cf
the exhaust gas from each engine was exhausted near the tail of the model
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and probably contributed to noise in the rear qu-drant. Even so the
shape of the footprint is remarkably similar to that shown earlier by
Mr. Deckert, for a similar propulsion system. This again tends to vali-
date methods of predicting the noise directivity of ducted fans.

The main concern of this paper will now shift from ducted fans to rotor-
craft. Although rotorcraft are generally considered to be VTOL aircraft,
they can operate in a STOL mode and landing and takeoff air maneuvers
may be similar to winged STOL aircraft. One type of rctorcraft that can
be operated STOL is shown in Figure No. 12. Here the rotor normally pro-
vides vertical lift then tilts 9G° to provide cruise thrust. Operation
at mid tilt angles will allow take-off at weights much heavier than the
VTOL weight. Another possible STOL rotorcraft is shown in Figure No. 13.
Here the rotor can be stopped, folded, and retracted into the fuselage
leaving a reasonably clean cruise configuration. With , proper power
management system, this type of aircraft should also have STOL capability.

Rotary wing noise sources are listed in Figure No. 14. Rotational and
vortex noise has been discussed earlier. Another major source of noise
is blade slap. This can be caused by shock waves on the advancing blade
of a rotor or by stall on the -etreating blade of the rotor. Cutting of
the tip vortex from one blade by the blade of another also produces blade
slap. Figure No. 15 shows the noise spectrum of a typical hovering
helicopter. The main rotor harmonics show the rotational noise as the
primary noise source with the tail rotor rotational noise not much less.
Vortex noise is quite low. Figure No. 16 shows noise spectra at forward
speed.

Rotor advance ratio is nearly constant for the two traces, but the advanc-
ing tip Mach number varies. At .8 tip Mach number, the spectr-m is similar
to the hover noise spectrum. However, at .9 tip Mach number, a new noise
source between 70 and 170 hertz has become the primary noise source. The
effect of advancing blade tip ML.-h number on overall sound pressure level
is shown in Figure No. 17. The advancing tip Mach number is a very import-
ant parameter in the noise generated by rotary wing aircraft in cruise
flight, Figure No. 18 is an artist's attempt to depict the interfere nce
between the rotor blade ana the tip vortex. When the aircraft is acceler-
sting and climbing, it moves away from the helix made up of the tir vortex.
Conditions are similar for autorotating descents. The problem occurs when
the aircraft is flying at a low descent rate or with the rotor unloaded.
The roto.: then woves through its own tip vortex system.

This concludes the discussion of noise generation. Subsequent papers will
take up the question of reducing noise generated by the6e sources.
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STOL NOISE ABATEMENT OPERATIONAL CONSIDERATIONS

Aviation noise problems are not confined to any one locale, nor to any
particular type of aircraft. Pick up any aviation periodical today and
one need not look too hard to find articles on noise,. Some states have
already scheduled public hearings on this problem, and the Federal Govern-
ment is presently involved in drafting regulations to control and alleviate
aircraft noise. In the Los Angeles area alone, more than one-half billion
dollars are being litigated, and we can assume that similar law suits are
pending throughout the United States. I'm sure much of this information
is not entirely new to you, but it does point out the importoace attached
to the aircraft noise problem.

We, of Flight Standards, are not only interested in the type and opera-
tional certification of STOL aircraft, but are vitally concerned with the
associated noise created by them.

On July 1, 1968, the Federal Aviation Administration issued tentative
airworthiness stand.ards for vt-rtical/powered lift transport category air-
craft. The issuance has become commonly known as the "Yellow Book." The
Aerospace Industries Association contributed substantially to this publi-
cation. It should be noted, however, that there are no aircraft noise
considerations in this publication. Accordingly, aryone contemplating
certification of a STOL aircraft should also refer to the applicable air-
craft noise regulations when issued.

There are varied views as to how operatiotial considerations can best be
utilized to alleviate noise. We believe that operational considerations
as a means of abating noise should only be implemented as an adjunct to
the more meaningful ways of suppressing noise; i.e., by better aircraft
and/or engine design. This does not w-man that we will not establish
noise abatement procedures at selected airports if the need dictates and
the environment permits.

(1) Today, operational noise abatement procedures apply to all aircraft,
including STOL. These procedures which have been established and imple-
mented require that aircraft fly selected approach and departure routes
to and from an airport in oraer to minimize noise complaints.

(2) In addition to following these specific routes, aircraft are requested
to climb and descend to desired altitudes as soon as practical in order to
lessen the noise exposure time. Some procedures require that an aircraft
remain at a given altitude prior to beginning a descent in order to alievi-
ate noise complaints.

(3) Another mean. of abating noise is that of requiring pilots to reduce
power prior to reaching these critical nois( areas.
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(4) Still another procedure calls for execution if a turn as soon as
practical after departing a runway.

All of these procedures are presently being followed in an effort to mini-
mize objectionable noise areas. Of prime concern, prior to the establish-
ment and implementation of any noise abatement procedure is that these
Lrocedures must be thoroughly examined to assure that safety is not compromised.

Since STOL operations will undoubtedly be closer to city centers, the com-
plaints from citizens will probably increase. This was vividly brought to
mind in New York at the time New York Airways, Inc., (NYA) began operations
from the Pan Am roof. The FAA and NYA began receiving complaints. This
caused NYA not only to alter their approach and departure routes, buL .±so
to curtail their schedule. I bring this out merely to emphasize the serious
consequences resulting from noise complaints.

What advantages do the STOL aircraft possess which would help alleviate
the noise problem?

STOL aircraft have several things going for them and one or two disadvant-
ages. I'm sure the advantages more than offset the disadvantages. First,
let's look at the minuses. Because of the STOL aircraft's slow flight char-
acteristics in the terminal area, the noise will remain with us for a longer
period of time. Secondly, since the STOL aircraft will require higher power-
to-weight ratios, it is -easonable to assume that additional noise will be
generated. There are some tradeoffs here that are quite apparent. For in-
stance, the slow speed can be offset by better maneuverability, and the aug-
mented power car bc offset with the ability to reach an altitude more quickly.

With this in mind, let's look at some of the advantages, a few of which I
have already touched on.

(I) The distance required to capture and maintain the localizer and glide
slope can be shortened. In our limited flight evaluations conducted at
our experimental center, w- concluded that three miles iF ample distance
to intercept ad capture the localizer an,' two miles is sufficient distance

to stabilize on the glide slope. This contrasts with approximately six

miles for the conventional aircraft to perform these same functions.

(2) In four -ut of the five aircraft evaluated, a 7 ° glide path was found
acceptable. With this steeper glide path, it is obvious that only ir, the
last stage or the approach will the aircraft be cose enough to the ground
to create objectionable noise.

(3) Precision offset approaches may otfer still another noisp- PIatement
procedure. A 200 offset appears to be acceptable for those aircraft eval-
uated. This would assist in establishing an approach route removed from
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the critical noise areas. It would also permit locating STOL strips in
areas not now possible with the conventional straight-in approaches.

As an example, it might be possible for an approach down the East or
Hudson River away from the built-up city area, as I have depicted on
this chart. (Project chart). In addition to alleviating noise, the
offset approach could also be utilized to take advantage of any ob-

stacle considerations.

(4) Maneuverability can also assisc in noise abatement because of its
direct affect on the airspace needed to perform certain maneuvers, such
as circling to land, turning missed approaches, final alignment, etc.

There has ',een very little incentive in the past in designing a reason-
ably quiet aircraft. The trend has been to design larger and larger air-
craft requiring bigger and/or more engines or both which tends to increase
the noise level.

The aircraft noise problem has been building up for some time and the
Congressional interest which resulted in the enactment of Public Law 90-411
was not totally unexpected. It is worthy to note that prior and subsequent
to the enactment of this law, the FAA has been working with interested part-
ies in formulating the bases of aircraft noise regulations. This is being
done with the view of securing substantial and effective noise alleviation
with a minimum penalty on the aircraft industry. This will be discussed in
more detail at a later presentation.

I recently read in the Armed Forces Journal where the Arny and the Advanced
Research Project Agency are engaged in a program to determine "what it costs,
in weight and performance' to reduce helicopter noise. The tests will at-
tack four main sources of helicoptor noise: the main rotor, tail rotor,
engine inlet and engine exhaust.

Those aspects ef the test related to the engine exhaust and engine inlet
should be of vital interest to the STOL aircraft manufacturers and users.

In closing, I would like to say that the success or failure of any STOL
operations will be IArgely dependent on the acceptability of the STOL
aircraft by the public. And in this rcgard, I'm sure a quieter aircraft
will help.
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THE STOL PORT AND ITS ENVIRONMENT

You have heard previous speakers refer to the importance of the STOL port
in the overall development of the STOL transportation system. What I
would like to do now is talk to you in more specific terms about the
STOL port. We, in the Airports Service of the Federal Aviation Admini-
stration, have been working for some time on planning, design, and con-
struction criteria for STOL ports. But before I get into the details,
I would like to show a slide listing the topics I will cover with you
this morning. Slide No. 1 lists six items: Responsibility for STOL port

planning, design and construction, the Federal Aid Airport Program, the
National Airport Plan, the Interim Design Criteria for STOL ports, Air-
craft Noise (and in this case we mean STOL aircraft noise and land use)
and finally a Hypothetical STOL Port in a major metropolitan area.

Let's take a look then at the first item. Who is responsible for the
development of airports, and, more specifically, a STOL port? Unlike
elements in our airspace and ATC system, the airport per re is not a
federal function; in other words, the development of the airport is not
done by the Federal Government as is the case with the common air navi-
gation system. Although in Airports Service we have the responsibility

for development of planning, design, and construction criteria, we do not
construct the airports. (The Federal Government owns only three airports:
Dulles, Washington National, and National Aviation Facilities Experimental
Center.) Also, we do not license airports as such. It is the responsi-
bility of the local authorities to develop their own airports as part of
the national system. However, the Federal Government has developed, as a
catalyst, the Federal Aid Airport Program.

This program provides financial assistance to communities in the develop-
ment of their airport as a part of the national development of the system
of airports. The Federal aid program was authorized in 1946 and since
that time over a billion dollars has been spent in the development of air-
ports across the country. This sounds like a lot of money and it is, but
the demand has always exceeded the supply of Federal funds available.
This fiscal year, for FY 1970, Congress has appropriated $30 million to
aid communities under the program that commences next July 1, 1969. How-
ever, over $450 million in requests were received. This eivesn you an
idea, of course, as to the recognition of the airport needs by the com-
munities of this country and their willingness to produce 50% or more of
the cost if Federal aid is made available to them.

The cu.rent program o. Federal aid does not include any STOL ports; how-
ever, STOL ports are eligible under the Federal aid program on the same
basis as any other airport. I would also like to point out that Federal
aid ft.ndi (FAAP funds, as we term them) cannot be ued specifically for
noise abaLement. weverheless, they have b in used for purchase of property
which we call "clear zones"; that is, the area of land immediately off the
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end of each runway. (The length of the clear zone will vary according to
the category of the airport.) Under the Federal aid program, control of
the clear zones is a condit'in to receiving Federal grants. Accordingly,
the secondary benefit of having acquired the clear zone is that the land
is under local control and that there shouldn't be any problem with air-
craft noise in this area.

Next, let's take a look at the National Airport Plan. The FAA, through
its Airports Service, issues every year a National Airport Plan. 'This
is a requirement of the Federal Airport Act of 1946. This plan lists
specifically by states the location and the development that is needed
at each airport as a part of an adequate national system. This develop-
ment is listed and costed out so that we have a total estimated cost for
facilities which are used by the public in the operation of aircraft and
which are considered adequate for Federal participation. This cost spe-
cifically excludes all buildings that are necessary to any airport's op-
erations. For the first time this year, the National Airport Plan includes
STOL ports and 25 are listed as being required in the system. Most of
these STOL ports are in the Northeast Corridor and on the West Coast.
The 1969 National Airport Plan is preL atly being formulated and we expect
that more STOL ports will be included in the new plan in other metropoli-
tan areas of L:.a country.

Another major function of Airports Service is the development of planning
and design criteria. Related to STOL ports, this weans that we are re-
sponsible for the development of dimensional criteria, lateral clearance,
gradients, etc. We've been analyzing data that have been developed by
manufacturers, NASA, and our own FAA groups for several years. As a
result of these studies, we're convinced the development of a STOL air-
craft transportation system has tremendous potential.

One of its primary roles should be in the short-haul transportation of
people from one city center to another; for example, from Manhattan Island
to the downtown or city center of Washington, D. C. This potential is
greatest when it is a separate STOL airport. Such a STOL port would hay
certain very definite advantages; one would be that it would give a better
service to the passenger, we believe, by reducing total trip time involved,
as well as reducing the number of times that a person would have to change
modes of transportation. Also, it would have the benefit of relieving air-
space and ground congestion at the large airports such an John F. Kennedy
International Airport in New York.

In this regard, one airline took a survey of the passengers departing New
York City and found that over 40% were destined for other locations within
the Northeast Corridor. However, as great as the potential is, we still
do not have a STOL aircraft certificated under the tentative airworthiness
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standards which were issued by the FAA last July as a result of joint
industry/government efforts. Without such a certificated aircraft, or
even more importantly, without having a manufacturer committed to the
production of a STOL aircraft, it's difficult for us to predict with
great certainty the exact criteria needed for the development of a STOL
airport. Usually in dtveloping criteria for conventional airports, we
have the cituation where a manufacturer has at least comnitted himself
to production; the aircraft many times has already been flown in some
prototype phase. So we have very good data to work from and we can
generally develop with confidence the criteria for runway length, taxi-
way width, etc. But with STOL we have a different situation than we
have had in the past.

Accordingly, last July we issued a Notice entitled: "Interim Design
Criteria for Metropolitan STOL Ports." We did this for several reasons.
One was that in order to allow development of a STOL transportation
system to proceed, we've got to be planning now for a system of STOL
ports, and we do want to encourage development of the system. Further,
we realize that the FAA acts as a catalyst and a focal point in this
system.

We have received considerable pressure from our field offices for the
development of these criteria, and of course, as you've seen in com-
mercial publications, there has been a great deal of publicity on pro-
posed STOL ports in several metropolitan areas. So we felt a strong
demand to develop STOL port criteria to allow communities to go ahead
and plan STOL ports in accordance with the best information available
at the present time.

The interim standards that we issued last July are based on information
that we had available from manufacturers, NASA, ab well as the flight
tests at NAFEC that were conducted last year and are still going on.
Well, briefly, let's look at the major points of these criteria, realiz-
ing that probably most of you have seen them alrendy.

We are recommending that the metropolita. ITOL port be planned consider-
ing a runway 1500 feet in length and 100 feet wide, with 150 feet safety
areas off each runway end. Regarding obstruction clearsnce planes, that
is, the imaginary surfaces related to aircraft operations, we are recon..
mending the approach slope be 20 to I and the transitional slope on each
side of the runway be on a slope of 4 to 1. Other details are contained
in the Notice. If anyone would care to get a copy of this Notice, I would
be gled to provide him with one after the presentation.

So far we've covered: STOL Port Responsibility, the Federal aid program,
the National Airport Plan, our Interim Design Criteria; but what about
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the actual siting of a STOL port? Where might we locate one in order to
realize the true potential of STOL? In !"ing at many metropolitan
areas, you'll notice, needless to say, that the land uses are very !ntense
and the siting of any conventional airport would be very difficult indeed.
A STOL port does have certain advantages which allow us more flexibility
certainly in locating one of these in a metropolitan area. The short run-
ways, the need for less airspace due to the inherent maneuverability of a
STOL aircraft, and the steeper obstruction clearance planes, allow greater
flexibility in siting. Additionally, because of the shortness of the STOL
runway, we feel that in some cases, it may be feasible to site a STOL port
on an elevated structure; perhaps on a wate:rront or over a railroad yard.
However, the fact that a waterfront site may be available does not mean
that we can automatically put the STOL port there.

This is only the beginning. The surrounding land uses have a very impor-
tant effect on the airport and, of course, the airport itself will have
an important effect on these land uses. In particular, we want to em-
phasize that aircraft noise will undoubtedly be a primary factor in siting
a STOL porL. Land uses that we believe should be avoided are: residential,
schools, hospitals, and noise-sensitive commercial land uses. On the other
hand, land uses that are considered compatible are transportation ways;
that is, railroads, highways, rivers, lakes; industrial, so long as they
don't interfere with the airport through production of smoke or electronic
signals, and also commercial and recreational uses to a certain extent.
The innermost area under the approach zone is the most critical.

I mentioned previously that under the Federal aid program a condition to
receiving a Federal grant is that the local authority contrcl the runway
clear zones. In the case of a STOL port, the clear zone is defined as
being the first thousand feet beyond the end of each runway. Control of
this clear zone area should be effective in helping to achieve a compat-
ible land use situation. Also, if the local authority will institute
height restriction zoning and implement comprehensive land use zoning,
then iany future problems related to land use can be precluded. Also of
great importance is the planning of surface transportation so that there
is a convenient interchange between the air and surface modes of trans-
portation including rapid transit systems, taxis, buses, and automobiles
at the STOL port.

I would like to illustrate what we've been talking about through use of
a hypothetical STOL port. You see on the screen Slide No. 2 which is en-

titled, "Hypothetical Metropolitan STOL Port." Let's review the environ-
ment of the STOL Port and the imaginary surfaces related to obstruction
clearance. The STOL port is here, very conveniently located on the water-
front of the Uptha River. Adjacent to it is an expressway; just beyond
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that is a railroad line and to the west is a railroad marshalling yard.
The obstruction clearance planes that I mentioned previously are the
gray areas extending out to the east and west. Across the river is a
residential area and iitediately to the south of the STOL port we have
various land uses as you might expect in an urban or congested area.
The red color denotes commercial use. The blue is industrial. The
brown is esidential-multiple unit; that is, apartment buildings. The
green indicates recreational or park; and the orange color indicates
institutional (schools).

As you can see, the approaches to and from the airport are either over
the river or over the railroad marshalling yard and the industrial area.
This is an idealized situation. But in order to give you a better idea
how a hypothetical STOL aircraft might affect the nearby land uses,
we've drawn up a noise contour as an overlay. As you can see, this over-
lay is centered on the airport. In constructing the contour, one of the
primary assumptions was that there would be an equal number of landings
and takeoffs in each direction. The resultant line or contour is called
a 30 NEF contour. NEF is an acronym for noise exposure forecast. I
won't get into this now except to say that within the contour is the
area that we are most vitally concerned with. We'll assume that outside
the contour there won't be any significant problem due to aircraft noise.
Later in the day, Mr. Sperry from the Office of Noise Abatement, will
discuss the NEF ccntours further.

The NEF contour on the overlay extends primarily over an uninhabited
area: the railroad yard, the river, and only to the south in the com-
mercial area and part of the ind'istrial area d,) we have the noise contour
affecting tne land use. However, this should be no obstacle. For the
location and for the assumed STOL aircraft we would not anticipate any
siting problem due to land use.

Next, let's take a somewhat less idealized case. Let's assume that the
waterfront site is not available. Let's assume that the only site where
it is feasible to locate a STOL port is in the industrial area. What
happens when we put our contour in the blue area? As you can se , a
great deal more land is affected by the noise contour. In fact, we have
a two-pronged problem here. By locaLing the STOL port in the industrial
area on an east-west orientation, the southern-most part of the noise
contour extends into a multiple residential area; that is, the apartment
area. Also, the clear zone related to the east runway approach lies out-
side of the industrial area. This could be a major problem.

Let's go one step further and assume that wind conditions require the
runway to be oriented more to the nortl-est-southeast as shown here. The
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situation is even worse than it was before. The easterly portion of the
NEF area is now over a very large, predominantly apartment area. The
southern-most area of the NEF contour also includes apartment area.
Again, the clear zone for the easterly approach lies outside the indust-
rial area and extends over the road and an apartment area. These condi-
tiors would probably preclude further consideration of this site.

In stary, what I am attempting to say is that the importance of aircraft
noise in relation to the siting of a STOL port cannot be over-emphasized.
This will be one of the primary factors in being able to find an accept-
able site for a STOL port in a metropolitan area. Accordingly, we strongly
believe that the process for development of a STOL aircraft must take into
account the total environment in which this vehicle will operate. When
the aircraft is developed, it must be able to operate in the total system
considering not only the airways and the passengers but also the airport
environment which will be greatly affected by aircraft noise.

79



C

I
8

w

00iii -4~a.

~ N

~'liii'
U

* * *

80



/ /

0 0 "~ (/1
o A/I

1 - IJ

A, --

/

N / jC S
7 ''K 1

'4,

K _________

S
,U ~

(-~ ~>J~

*1
7> ~ V. .~ ~ ..n~

~- "~-~ - I -

I ~

~-

~ ~g'~ - -i

>1

-

q \

. -
B. \ U.'

44.

::: N J

~ ,.i.

-' 0* ~ -~

I ~i 9

7 i 'A

ii ... ~

~9*9**

* 999 ___



AIR TRAFFIC CONTROL NOISE ABATEMENT

by

Myles H. Reynolds
Air Traffic Service

Delivered at
Conference on STOL Transport
Aircraft Noise Certification

January 30, 1969

Federal Aviation Adm),istration
Washington, D. C.



AIR TRAFFIC CONTROL NOISE ABATEMENT

Over the period of the past few years, air traffic controllers have been
treated to a pretty large press. They've received quite a bit of public
attention. Some of this publicity apparently has caused misunderstanding.
Obviously, some people believe that the controller has something approach-
ing an absolute authority over aircraft in his area. They seem to believe
that this authority sometimes transcends that of the pilot and includes
the decision as to whether the pilot should or should not fly. Along
with this authority, it is quite logical to them that the controller must
accept attendant responsibilities, including that for the noise generated
by the aircraft in his control jurisdiction.

Controllers do have a pert of the action. They have a responsibility to
carry out their p'rt of the total effort and are constantly aware of
that responsibility.

Similarly I am certain that everyone here today is well aware of the
fact that noise abatement has a definite effec' -non the services pro-
vided by air traffic control. It affects the services provided by con-
trollers and it affects individual controllers personally. Similarly
our regional and headquarters offices are well aware of the problem and
attendant responsibilities. If nothing else, we are constantly reminded
by those cards and letters that keep coming in. We have long faced the
fact that nearly alI aircraft make noise and nwost of that noise is ob-

jectionable to some people. We also realize that sometimes noise is
merely the tangible subject of a complaint and that fear is the actual
motivation for it.

You are aware of the past and the present means applied to minimize the
eftects of aircraft noise on airport neighbors; traffic pattern adjust-
mentz, formal and informal runway use programs, including preferential
r..nways, airport arrival and departure procedures and flight paths, navi-
gation aid location and relocation, electronic landing and installation
and use, visual approach aids systems and others. Most have had to be
cooperative efforts since gdini in the form of reduced noise exposure
or intensity have not been made without cost. The price paid, however,
is in efficiency of operation; not safety. The la rer cannot ind ilas
not been comromised. If it were to be condoned,any compromise with
safety would affect not only those in the air but a7& those on the
ground who object to the noine.

C 0er the years, noise abatemi-nt has been accomplished by selection of
runways whose use results in arrival ard departure flight paths being

over the less densely populated area to the extent feasible. Sometimea
this works relatively well unLil we find that a mink farm is located in
that same otherwise unpopulated rural area or a school or hospital in
an are., occupied priuarily by light but compatible industry. Generally,
flight patn adjustments resulting in arrival/departure paths over
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industrial areas have reduced noise complaints. Airports located ad-
jacent to a large body of water have sometimes produced the same results.
However, the physical relationship of most airports to the nearby areas
that offer the means ror noise abatement benefits generally hcs not
been planned for that specific purpose and, at best, usually offer only
a partial solution. Even with a new airport, the absence of a noise
problem seldom exists and if it does, not fcr long.

Unless some appreciable change in the aircraft takes olace, we in air
traffic control expect no great difference between futurc STOL noise
problems and methods of resolution and thoae of today's conventional
aircraft. The problem will exist with STOL cperations at today's air-
ports and at STOL ports located in the city's business or outlying areas.
The ability of STOL aizcraft to take off and land on less concrete does
not change the fact that t1ey produce noise while doing it. They will
still be required to fly some form of a traffic pattern at the airports
they use. Instrument approaches and departures will be required. ;hile
the steeper descent and climb capabilities may assist, it alone will aot
resolve the problem. Let me cite examples.

When STOLs are operated at - CTOL airport, the operator& and air traffic
control will wish to gain every possible advantage their capabilities
may provide. The u;e of STOL runways and flight paths separated from
those used by the CTOL aircraft may provide the way to increased opera-
tions. But, it also may result in climb/descent over areas not previously
exposed to directly overhead takeoff/landing operations. There is a
greater probability the same will occur at the newly established STOL
port. Adequate site selection and planning will be extemely important
and certainly can minimize the problem but it will not be eliminated.
The noise, or lack of it, will still depend to a great degree upon the
aircraft, the flight path planning Pnd operational requirements and procedures.

Using Mr. Buley's STOL port diagram again, let's see what might occur.
The runways parallel the river. Any IFR precision approach courses would
be of necessity aligned with or as near as possible, parallel to the run-
way. An individual final approach could be contained within about three
to -four miles of the runway threshold. Also, an IFR departure could turn
from the takeoff heading in a relatively shorter distance if desirable or
necessary. Thus, the exposure area may be smaller than that associated
with CTOL operations. Within that exposure area, the increased vertical
maneuiering capability of the aircraft may permit a steeper IVR approach
path; also, a steeper climb angle after takeoff may be expected. These
capabilities could result in further reduction of the objectionable level-
of noise.

*Figure 2, page 81, of Mr. Buley's paper.
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The VFR traffic patterns fcr the STOL port, while in part s.milar to
the IFR courses, normally must accommodate random direction routes to
trrd from the airport area. For exanple, an aircraft inbound from the
east to the STOL port could easily fly over the river, land to
the wesC and remain totally on the most beneficial noise abatement
rzow;e. However, if an easterly landing is required, a downwind and
base leg rjust be added to the flight path. A standard left traffic
pattern appears to be an obvious best answer with the downwind and
hase legs over the river. Arrival from and landing ta the west appears
to dictate a nonstandard right hand pattern over the river. While the
eastiwest arrival/departure routes seem ob-'ious, the north/south routes
m ght dictate the use of selected corridors to and from the river in
order to avoid regular flight over areas particularly sensitive to the
noise. This alone is usually not too easy but it can be made even
more difficult by t.e necessity to avoid airport traffic areas and
%raffic patterns of other airports, obstacles, restricted areas and
ozher airspace that necessity or good sense tells us not to use.

The far-tars applied for noise abatement are not for primary benefit of
the airc;raft operator or ATC. They don't help the operator make a
scnedul,- -.oz do they make the controllerb primary task any simpler.
However, it is a fact that an industry and system built to serve the
public would not long exist if it totally alienates those who make that
existence and growth possible. We can't afford to assume that people
will become used to the noise and the problem will go away. Nor with
the growth in size and required power of aircraft should we assume
that tha airport neigh..:r will take up the practice of cutting his
finger to prepare himself for a forthcoming amputation.

We have a mandate to seek and implement means to provide for the control
and abatement of noise. Past efforts have produceg results. Some have
been arconplished simply by having more consideration IX.r the neighbor
on the ground. Others have involved costs of various kinds. We in ATC
see no immediate simple solution that will suddenly relieve any of us
from future increased efforts. We shall continue to work within the
agency and with all responsible -ndustry, government and citizen groups
to minimize the effects of aircraft noise on the public. Working to-
gether, not just with each other, we believe reasonable results can be
achieved.
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NOISE EVALUATION FOR CERTIFICATION

INTRODUCTION

The Federa, Aviation Administr,'tion, in response to Public Law 90-411, has
begun the rulemaking process leading to the certification of aircraft for

noise. rke 'iasLc element in the regulation criteria is the noise evaluation
measure designe-ed as Effective Perceived Noise Level, EPNL, which is a single
number evaluator of the subjective effects of aircraft noise on human beings.
Simply stated, EPNL consists of instantaneous perceived noise level corrected
for tones and duration. EPNL is also the primary element in determining cu-
mulative noise environments in accordance with the methodology called Noise
Exposure Forecast, NEF.

EPNL CALCULATION

Three basic physical properties of sound pressure must be measured; level,
frequency distrf'ution, and time variation. More specifically, the instan-
taneous sound pressure level in each of 24 one-third octave bands of the
noise is required for a number of consecutive increments of timr during
the aircraft flyover. The calculation method, shown in Slide 1, which u-
tilizes physical measurements of noise to derive subjective response, con-
sists of the following five steps:

1. The 24 one-third octave bands of sound pressure level are con-
verted to perceived noisiness by means of a noy table. The noy
values are combined and then converted to instantaneous perceived
noise levels.

2. A correction factor is calculated for each spectrum to account
for the subjective response to the presence of the maximum tone.

3. The tone correction factor is added to the perceived noise level
to obtain tone corrected perceived noise levels at given instants
of time. The instantaneous values of tone corrected perceived
noise level are plotted with respect to time and the maximum value
is determined.

4. A d- -ton correction factor is computed by integration under the
curve of tone corrected perceived noise leve. Lime or by
using an alternate approximate me.hod.

5. Effective perceived noise level is cdetermined by the algebraic
sum of the maximum tone corrected peiceived noise level and the
duration correction factor.

The FAA Office of Noise Abatement recognizes that the five-step procedure
is not complete and that more research is necessary on human response to
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noise in order to make the effective perceived noise level concept applic-
able to a wider range of sounds including sonic boom. The ultimate goal
is to develop ar objective procedure that will accurately evaluate the sub-
jective effects of noise from all current and future transportation equip-
ment as well as current aircraft, including high bypass engine, V/STOL, and
supersonic eircraft, and automobile, truck, railway, and air cushion ground
vehicles. Considerable noise abatement research programs and studies which
have an influence on effective perceived noise level have been performed,
are presently underway, and are in the planning stage.

EPNL EVALUATION FACTORS

As shown in Slide 2, the present form of effective perceived noise level
evaluates four factors of the noise signature; level, broadband frequency
distribution, maximum tone, and duration. These factors may need adjust-
ment for special conditions, and other factors may be important as well.
For example, noise with low frequencies and high intensities, spectra con-
taining combinations of discrete and broadband frequencies at various time
durations, Doppler shift, speech interference, multiple tones, harmonic
content, and th3 influence of slowly varying lift pressures from large air-
craft flyovers at low altitudes. These characteristics and others ulti-
mately will be investigated and the effective perceived noise level concept
extended to include all influential factors.

Of particular interest for STOL aircraft design is the possibility that
the noy tables should have lower noy values at the low frequencies. Also,
tone corrections should b^ reconsidered for frequency dependence. Low fre-
quency tones, such as produced by propellers are possibly less annoying
than high frequency tones from turbofan engines. Furthermore, propellers
which, in general, have lower fundamental frequencies than turbofans, have
the potential for generating noise with greater harmonic content within
the audible frequency range. It is conceivable that for two spectra with
the same energy content, the one with the greater harmonic content would
be less annoying.

NOISE SPECTRA

An example of an instantaneous noise spectrum for a turbojet engine is
shown in Slide 3. The spectrum is relatively smooth indicating broadband
noise with no appreciable tones. The overall sound pressure level is di-
rectly related to the noise energy and equals 97 decibels. The instantane-
ous perceived noise level and tone corrected perceived noise level are sub-
jective measures and are identical because of the absence of tones. They
exceed the overall sound pressure level by 6.9 decibels.

An example of an instantaneous noise spectrum for a turbofan engine is
showi in Slide 4. The spectrum contains pronounced irregularities due to
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a multiplicity of discrete frequency components or tones. In this case,
the tone corrected perceived noise level is two decibels greater than the
perceived noise level and exceeds the overall sound pressure level by 14.3
decibels. It is interesting to note that the turbofan engine has less au-
dible noise energy than the turbojet engine to the extent of 4.5 decibels
but is more annoying to the extent of 2.9 perceived noise decibels.

NOISE FLYOVER

The maximum tone corrected Perceived Noise Level, PNLmK, is the maximum
value determined from a smooth curve of the values of the tone corrected
perceived noise level, PNLT, plotted against the flyover time, t, as
shown in Slide 5. Half-secend time intervals, At, will usually be small
enough to obtain satisfactory accuracy. The duration time, d, is the time
interval between the limits of t(l) and t(2) defined by a specified incre-
ment, h, to be subtracted from PNLTf4. Usually 10 dB is sufficient to define
an adequate noise time history.

Three examples of noise flyover curves are shown in Slide 6. These shapes,
rectangle, trapezoid, and triangle, are not representative of real flyover
curves and are used simply as examples for illustrating the results from
using the integration and approximation calculation procedures. The ordi-
nates of these figures are the tone corrected perceived noise level, PNLT.
The abscissa is the flyover time, t, and the values chosen are completely
arbitrary. The duration time, d, for all three cases is 15 seconds which
would yield an approximate duration correction, D, of zero. The integrated
duration corrections are given for each case and it is seen that only for
the trapezoid case are the approximate and integrated duration corrections
equivalent. The results indicate that the integrated duration correction
will be greater than the approximate when the flyover curve has a flatter
shape than the trapezoid shown and will be less than the approximate when
the flyover curve is sharper than the trapezoid.

Slide 7 illustrates an actual takeoff noise flyovr curve for a DC-8 at
980 feet altitude. The integrated duration correction is -3 decibels for
a duration time of 9.5 seconds. The approximate duration correction is -2
decibels which would yield an effective perceived noise level one decibel
larger than if the duration correction were obtained by integration.

Slide 8 illustrates .he landing noise flyover curve for the DC-8 at 305 feet
altitude. The integrated duration correction is -3.5 decibels for a dura-
tion time of six seconds. The approximate duration correction would be -4
decibels which, in this case, would yield an effective perceived noise level
0.5 decibels less than if the duration correction were obtained by integra-
tion. This is an unusual example and the fact that the integration method
produces a larger value for EPNL results from the flat, nearly rectangular,
shapc of the flyover curve.
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Generally, landing noise flyover curves have sharper configurations such as
that shown in Slide 9 for the landing noise flyover curve of a 727 at 358
feet altitude. For this case, the integration and approximation duration
corrections are -5 and -4 decibels respecL~vely for a duration time of six
seconds. The integration procedure thus yields an effective perceived noise
level one decibel less than the approximation procedure.

EPNL PREDICTION

Slide 10 shows the results of measured flyover data plotted as the differ-
ence between effective perceived noise level (using the integrated duration
calculation) and maximum perceived noise level versus flyover altitude or
slant distance. Superimposed on the graph is a curve used by various members
of the Aerospace Industries Association for prediction purposes. For most
of the data, the AIA curve will predict too large a value for effective per-
ceived noise level.

NEF METHODOLOGY

Effective perceived noise level is an evaluation measure for noise at speci-
fied locations generated by individual aircraft. As such, it is the basic
element not only in the regulation criteria, but also in determinations of
cumulative noise environments. A methodology has been developed called
Noise Exposure Forecast, NET, which includes EPNL as the primary element as
shown in Slide 11. NEF provides a mechanism for calculating a single number
rating of the cumulative aircraft noise intruding into a community. Addi-
tional facto included in the NEF calculation procedure: are the effects of
various aircraft types, flight profiles, frequency of operations, operating
procedures, mix of all four, runway utilization, and time of day of operations.

Slide 12 preaents an example of 30 and 40 NEF contours generated by a mix
of aircraft operating in a single direction from one runway on a typical
large mid-continent airport. This example represents NEF "footprints" for
conventional aircraft operating from one runway without applying any noise
abatement procedures. The results of the computations for other runways and
runway utilizations at the same airport would be superposed to form NEF 7on-
tours for the entire airport complex.

The NEF contours permit the lan6 areas enclosed within them to be evaluated
for various types of use, compatible with the noise exposure. Not the least
important, is the information available to the building designer for provid-
ing appropriate sound insulated structures. It is generally accepted that
land areas ecposed to less than 30 NEF will not have major noise problems.
Building structures used for sensitive activities such as schools, churches,
hospitals, and auditoria, may reed some extra noise insulation consideration
but the problems, if they exist, can be handled in a routine manner.
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CONCLUDING RMD KS

The primary element in any procedure for certificating aircraft noise is
the evaluation measure upon which the criteria is based. Aircraft noise!
signatures, which involve interrelated spectral, temporal, and spacial
functions of sound pressure, are so complex that the search for a suitable
single number noise evaluator has been long and difficult. The end result
to date, considered the best current state-of-the-art by the FAA Office of
Noise Abatement, is effective perceived noise level, EPNL.

This opinion, however, is not shared by some members of th. aviation com-
munity who would prefer a simpler evaluator such as perceived noise level,
PNL. This simpler measure responds to the effects of frequency and level
but does not permit the adjustments for the annoyance of strong tones and
long durations that are inherent in EPNL.

It is extremely important that the noise evaluator chosen for certification
be versatile in the sense that it recogniZes the annoyanceffects known
today and is capable of modification or refinement for potentially obnoxious
sounds of the future. )PNL is such a unit; not complete and not exact, but
the best available at the present time. Furthermore, it is not too complex
and it is suitable for prediction.

EPNL is also the basic element in determining community noise exposu,
Land use and building construction will be strongly influenced by this
measure. Hence, it is vital that the best state-of-the-art be used and
refinements made and additional factors included as soon as they are vali-
date:d, This will be particularly applicable to land arzis and buildings
in the vicinity of STOL ports.
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1. INSTANTANEOUS PERCEIVED NOISE LEVEL, PNL

2. TONE CORRECTION FACTOR, C.

3. TONE CORRECTED PERCEIVED NOISE LEVEL,

PNLT -PNL + C

k MAXIMUM TONE CORRECTED PERCEIVED

NOISE LEVEL, PNLTM

4. DURATION CORRECTION FACTOR, D,

BY INTEGRATION,

OR BY APPROXIMATION

5. EFFECTIVE PERCEIVED NOISE LEVEL,

EPNL - PNLTM + D

SLIDE 1

FIVE-STEP CALCULATION PROCEDURE
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SOWIEVELOPMENTrS IN THE NOISE R1)UCTION
IN DUCTED PROPELLS AND FAoS

Many ways are known to redu noise; however, tiese methods will usually
increase the propulsion sysL weight, decrease performance, or both.
When noise reductions are cited here, it should be remembered that thexe
may be a penalty associated.

Figure No. 1 restates the primary noise sources in fans. If all stage
intcractions and rotational noise are eliminated, fan noise will probably
be acceptable. The first part of this paper will address stage inter-
action. Three of the four charts chat follow came from a study by the
General Electric Company, under contract to NASA, on means of reducing
the noise generated by lift fans. These particular results are analyt-
ical. Figure No. 2 shows the relative -erceived noise level versus the
spacing between th-. rotor and the stator. This particular fan had about
one quarter chore spacing. By increasing spacing to two chords, noise
was rpeuced about 5 P-d1. The ratio of stator vanes to rotor blades is
an important parameter in the propagation of interaction noise between
the rotor and thr stator. Figure No. 3 shows the relative perceived
noise level As a function of the number of vanes. This particular fan
had 36 v.nes and 66 blades. To reach a vane-to-blade ratio of two re-
quires about 130 vanes. With 130 vanes, the noise is reduced about 5
PNdB. Another means of reducing rotor-stator interaction noise is to
make the rotor vanes non-radial. Figure No. 4 shows model tests of the
effect of stator vane lean on noise. By leaning the stators 60 degrees,
sound pressure level was reduced by 16 JB. This would appear to be a
very effective means of reducing noise.

Rotatioial noise can bc reduced by increasing the number of blades;
however, with the compressor, this can be done only within constraints
placed upon blade aspect zatio and solidity. Figure No. 5 shows the
effect of increasing number of blades within the aforementioned con-
straints. Perceived noise level is shown as a function of number of
blades. This particular fan rotor had 4G blades. Doubling the number
of blades decreaaed noise about 4PNdB. When all of these noise reducing
techniques are euployed in the lift fan design, and acoustic treatment
is applied to both exit louvers snd the available air flow paths, noise
is reduced as sho%.- on Figure Fo. 6. ?erceived noise level is shown as
a function of distance from the aircraft. The band plot is representa-
tive of noise generated by fanb optimized for volume, weight, and perform-
ance. The single Itne shows noiie intensities which may be realized with
the application of all th-ne noise reduction techniques. This curve is
an analytical curve and therefore mu3t be somewhat suspect; however, it
does sive an indicatioa of the poIential available. These nois4 values
are co~Vetitive with the noise from existing helicoFters.

Some unusual work is being do , : s that may be applicable to heli-
copter rotors, propellers, or ductid fans. It was brought to our attention
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that owls fly very quietly. It was postulated that one f the reasons

for the low noise level was a unique feather on the wing leading edge.
This feather appears t3 have vortex generators along the leading edge.
Figure No. 7 is a sketch of the :eather leading edge. For our experi-

ment, the leading edge was modeled out of sheet metal and put c, a
model propeller mounted as shown on Figure No. 7. Figur, No. 8 shows
sound pressure level as a function of the model thrust. For a given
thrust level, the owl leading edge reduced noise four tj eight decibels.
Since measurements were not complete in this investigation, the effect
of the owl leading edge on propeller efficiency is not known. Figure
No. 9 shows sound pressure level versus frequency with and without the

owl leading edge. The owl leading edge reduced the noise above 250 hertz.

It would be logical t, assume that the owl leading edge wor,ed mainly on
vortex noise. However, the noise reductions seemed to be too large Co
have been a vortex noise reduction. The mechanisms of this noise reduc-

tion are not understood and are currently a subject of additional study.
It is not known whether this noise reduction will disappear with increased
blade loading or blade tip Mach number.

Recent noise reduction work on rotary wing aircraft shows promise.
Figure No. 10 present3 the effect Lf a tip modification on noise. This

work was done by Sikorsky Aircraft. By changing the tip from a rectan-
gular tip to a trapezoidal planform, ncise was reduced by over 5 dB.
This is probably a result of weakening of the tip vortex. Bell Helicopter
has run an experiment on a rotor with a reduced thickness tip. Here, the
rotor airfoil section was varied from a standard 0012 section at .8 radius
to an airfoil resembling a b4-206 airfoil at the tip. The effect of this

modification is shown in Figure ii. Sound prersure level versus advancing

tip Kuch number is shown. The blade with the Lhin tip had noise levels
3 dB below the standard tip throughout the Maci. .rker range. These i-sults
encourage turther research on reducing rotor nioise through tip modifications.
It is difficult to envision elimination ot rotary wing blade slap caused by

tip vortex cutting. However, it should be possible to define operational

envelopeo whicn would miciimize the occurrence of this noise. Such an op-

erational envelope is sketched In F.g.ire No. 12. Rate of climb i4 shown
as a function of air speed. On the left side of the curve is the corpress-

ibility boundary which would correspond to .8 aovancing tip Mach niber.
The envelope at low speed and with small rate of desa-enc is the tip vortcA

cuttint boundary. While these ettual boundaries would be a function of
paramters such Rs disc loading and number of blades, it should be pcsible

to define operational limits Lr a particuiar rotor. Cortrol inputs cat%

change operational limits but adherence to an operating envelope should
greatly reduce the occurrence of blade slap.

It has been shown that there are a number of ways to significantly reduce:

the noise of power plants. The overall value of this noise reduction,

however, must await co-iplete systems enalysis to determine the effect on

aLi lane performance, w -ight, and operating economics.
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NOISE REDUCTION TECHNIQUES FOR PROPELLERS AND ENGINES

ABSTRACT

This paper summarizes the experience to date in reducing noise from such
propulsion devices as reciprocating en-ines, propeller-, and let engines
including both turbojet and turbofan t~pes. Significant factors in noise
generation are indicated for each device. The effects of such factors as
tip speed, forward speed, and number of blales for propellers; exhaust
velocity of jets; and guide vane spacing and inlet and exhaust duct acous-
tical treatment for fans and compressors are discussed and are illustrated
by means of example data figures.

INTRODUCTION

This paper contains a brief summary of noise reduction techniques appli-
cable to some types of STOL aircraft. The particular noise producing
components considered in the paper are listed in figure 1. For recip-
rocating engines, exhaust muffler technology is discussed. For propellers
the effects of such parameters as rotational speed, forward speed, and
number of blades are considered. For gas turbine engines, both turbojet
and turbofan types are considered, and reduction of jet mixing and inter-
nally generated noise is included. Particular items included are the ef-
fects of internal -acing of components, inlet flow Mach number, nacelle
acoustic treatment on rotating machinery noise, and the use of exhaust
suppressors and shielding for reduction of jet mixing noise.

RECIPROCATING ENGINE EXHAUSTS

The types of engine exhaust mufflers considered for noise reduction are
indicated in the sketches of figure 2 along with sample performance curves.
Resonator type mufflers are characterized by a noise re-duction curve having
a single sharp peak. Such devices are especially useful for eliminating
strong narrow-band noise components from the spectrum, and have associated
with them relatively small engine performance losses. The expansion cham-
ber muffler is characterized by a relatively flat noise reduction curve.
It provides substantial noise reductions over a broad frequency range, how-
ever, the performance losses are somewhat larger than those of the resonator
type. Both the resonator and expansion chamber mufflers, which are re-
active type systems, are most effective at frequencies below about 700 Hz.
The most effective device at frequencies above 700 Hz is tne dissipative
type muffler which incorporates sound absorbing materials. For any partic-

* ular noise reduction requirement, it is necessary to first acquire measured
engine noise spectra and then to select suitable muffler elements based on
weight, gas flow, and geometry considerations. This selection process is
facilitated by the use of machine computer programs.
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PROPELLERS

Propeller noise is a function of several different factors which can be
grouped as indicated in figure 3. The main headings are: velocity,
which includes both the rotational and forward velocity of the propeller;
the propeller geometry, that is, number of blades, diameter, and blade
planform; and load considerations which include the inflow patterns,
disk loading, blade load distribution, and the instantaneous airfoi
section pressure distributions. It is believed thaL each of these
factors may in some cases be very significant. For purposes of illus-
tration the effects of only three of these will be included and are in-
dicated by the asterisks.

Tip speed and blade number - The effects of tip speed and number of
blades are shown by the data of figure 4 there the relative overall
noise levels are plotted as a function of tip speed for propellers of
the same diameter having three, four, six, ane eight blades absorbing
the same horsepower. The solid curves of figure 4 represent the low
frequency (rotational) noises. The dashed curve on the other hand rep-
resents the high frequency (vortex) noises. These calculated curves,
which are supported by experiments, indicate that lower noise levels
are associated with lower pzopeller tip speeds or a larger number of
blades, or both. The control of the high frequency noises of a pro-
peller, particularly for subjective response, is currently not well
understood although there are indications that details of the geometry
and the instantaneous pressure distributions on the blades can be sig-
nificant. It remains for additional studies to be performed before direct
approaches to hig'. frequency noise reduction can be formulated.

Forward speed - Of particular significance for STOL operations are the
effects of aircraft forward speed. These effects are illustrated by
the data of figure 5 which show the relatlv'e noise levels of a propeller
in flight at various forward speeds. The data relate to a rotational
Mach number condition of about 0.7. It can be seen that at low forward
velocities the radiated noise levels tend to be lower than but are not
markedly different than those for the zero forward speed condition. At
higher forward speeds, however, there is a very rapid increase in noise
levels as a function of forward speed. The conditions at which this
rapid increase occurs are those for which the resultant tip speed of the
propeller becomes sonic. It should be remembered that STOL vehicles in-
herently have sufficient installed power for high cruise speed capabilLty.
It is believed that in order to keep cruise speed noise levels at accept-
able values, the propeller rotational tip speeds will have to be restricted.
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GAS TURBINE ENGINES

Figure 6 contains a schematic diagram of a fan jet engine and indicates
the various sources of noise. Noise generated external to the engine
radiates from the region in which the exhaust jet mixes with the ambient
air. Noise generated internal to the engine radiates from both the in-
let and from the secondary or fan exhaust.

Bypass ratio - The overall noise produced by a gas turbine engine is a
function of the bypass ratio. This effect is shown by the data of figure 7.
The relative noise levels for a constant thrust level are plotted as a
function of bypass ratio, the zerc bypass ratio condition representing
the turbojet engine. It can be seen that the noise levels assucietd 
with the lower boundary on the figure are lower for the higher bypass
ratios, This lower boundary is fixed by the jet mixing noise and rep-
resents the overall noise reduction potential of the engine. The upper
boundary noise levels are associated with the internal noise from the
eng e. Much current effort is directed toward the reduction of this
internally generated noise. A reduction of the internal fan generated
noise by means of lower fan tip speeds is the goal of the NASA quiet en-
gine program. In the fnllowing figures the results of several other ap-
proaches will be illustrated.

Vane-blade axial spacing - The data of figure 8 relate to noise radiated
out of the inlet of the compressor and illustrate the effect- of spacing
between the stationary inlet guide vanes and rotating blades of the first
stage rotor. It can be seen that noise reductions are associated with in-
creased axial clearances. Such increased clearances result in changes in
the wake structure of the stationary blades and this results in a lessen-
ing of the load fluctuations on the rotating blades. The maximum values
associated with such increased cleararc-c are of the same order of magni-
tude as obtained by complete removal of the inlet guide vanes.

Inlet guide vane Mach number - The noise radiated from the inlet can also
be affected by the aerodynamic flow velocities in the inlet. The data of
figure 9 show noise reductions obtained as i 't Mach number is systemati-
cally increased upstream of the compressor. Above Mach numbers of about
0.65 in the inlet guide vane, sizeable noise reductions are observed.
Some of these are associated with high subsonic Mach numbers and a dramatic
noise reduction results from aerodynamic choking of the flow (at Mach
number 1.0 in the inlet guie vane).

Nacelle acoustic treatment - Another approach to the reduction of inter-
nally generated noise is the use of acoustic treatments inside the engine.
A considerable amount of work has been accomplished !n the last few years
to develop the particular technology involved with the application of
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acoustic treatment. The sketches of figure 10 show sc:.ematically the
areas of treatment of a JT3D fan engine type power plant for some upcoming
flight acoustic evaluation tests. These flight tests represent the cli-
max of a large study effort accomplished mainly by the Douglas and Boeing
companies under contract to NASA. Although it is beyond the Fcope of
this paper to discuss the detailed problems of acoustic treatments, it
ohould be pointed out that it has been necessary to develop a special

family of materials which have a controlled porosity and yet are able to
withstand the erosion effects of high-speed flows inside the engine. Both
metallic and nonmetallic materials and a variety of configurations have
been found to be useful. Different amounts of noise reduction are expected
from the treatments of the two sketches of figure 10. The larger noise
reduction is anticipated from the lower configuration which involves the
treatment of larger internal ereas of the engine.

The ar-ticipated noise reduction for the landing approach power condition
of the engine for the bo-.:orn configuration is shown in figure 11. The top
curve represents the baseline acoustic data for an unmodified engine. The
bottom curve is estimated for the modified engine based on E-ound tests.
It can be seen that sizeable noise reductions due to the acoustic treatment
modifications are predicted at the higher frequencies. This treatment was
designed particularly for the high frequency components associated with the
fan section of the engine and which are judged to be particularly annoying.

The duct rreptment techniczgy develcpe to date for conventional aircraft
is applicable to vehicles F',ch as STOL's and to power plants other than
the JT3D turbofan for which most of the experience is currently available.
Although the same physical principles apply, there are problems of pre-
diction of performance of the acoustic materials in these different con-
figurations and environments.

REDUCTION OF JET MIXING NOISE

The noise generated external to the engine in the region of jet mixing is
particularly important because it represents a baseline below which it is
not profitable to reduce the other noise sources of the engine.

Jet exhaust noise suppressors - Although high bypass raio engine cycles
are useful in reducing this jet mixing noise, there may be situations where
greater mixing noise reductions may be required for general acceptance of
jet powered STOL vehicles. In this regard the use of jet exhaust noise
suppressors has been proposed particularly for use on the lifting engines.
Such suppressors have taken the general forms of the schematic illustrations
of figure 12 from a recent Boeing study. The ejector family of nozzles in-
corporates shrouds to induce external flow and to mix it effectively with
the primary exhaust flow. The multi-tube suppressor makes use of a large
number of small jets rather than one large jet. The creased jet dimension

124



5

leads to a shifting of the frequencies of the noise o much higher values
for which the normal atmospheric attenuation losses are much higher.
Multi-spoke nozzles are arranged in such a way that external air is
ducted through chutes or spokes into the primary jet in order to hasten
the mi::ing process. All of the typeg of OevicE3 represented in figure 12
have produced substantial noise reduction but at the expense of relatively
large performance losses. Their usefulness on the primary propulsion
unit of the STOL vehicle may be limited because of the complicatio of
additional weight, retraction problems, and aerodynamic losses. Their
use on the lift engines, however, may be attractive and the associated
weight and performance penalties may be more acceptable than the alter-
native method of using high bypass ratio engines for lifting.

Jet flap shielding - Another idea that has received only limited cnn-
sideration up to the present time is the jet flap principle. Its appli-
cation to a small airplane is illustrated in figure 13. The jet exhaust
in each case issues from a slit nozzle -ocated above the wing in such a
way that the jet flow attaches to the , g surface. Such a device is ca-
pable of increasing the lifting capabilities of the airplane wing and also
has the potential of substantial jet noise reduction as indicated in
figure 14.

The data of figure 14 represent noise radiation ppterns for two dif-
ferent nozzle configurations. Data for the conv tional circular nozzle
has the ch'racteristic radiation pattern usually associated with jet en-
gines. The dashed IiAe radiation pattern is for a slit nozzle to which
is attached a shielding flap which simulates a wing attachment surface.
The most obvious result of the shielding flap is the distortion of the
noise radiation pattern in a beneficial way. Very little noise is radiated
downward a.,d the main lobe of the radiation pattern is directed generally
upward. Although ;..zo are many practical problems associated with the ap-
plication of such a concept to STOL aircraft, there is a long range poten-
tial for substantial exhaust noise reductions.

Figure 15 is a sunmary listing of factors appropriate for consideration
in jet engine noise teduction. The noise generated internally can be af-
fected by the detailed design of such components as the fan, compressors,
and turbines, and through the control of inlet flow Aach numbz-r .ncluding
terodynamic choking. In addition, the application of acoustic treatments
in the inlet and fan discharge ducts as well as in some other critical
locations inside the engine, are known to be effective in noise reduction.
With regard to the external jet exhaust mixing noise, engine cycle con-
siaerations to control the jet velocity, jet exhaust noise suppressors to
control mixing patterns, and the concept of jet flap shielding are appro-
priate considerations.
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CONCLUDING RMARKS

In summary of the material presented in this paper, figure 16 is pre-
sented. With regard to reciprocating engines known noise reduction
procedures involve external devices such as collector rings, manifolds,
and mufflers. Propeller noise reduction technology involves overall
design considerations such as number of blades, rotational and forward
speed, as well as such detailed design considerations as blade planform,
load distribution and airfoil section. In the case of gas turbine en-
gines, useful noise reduction procedures involve specification of the
engine cycle, detailed design of its interior stationary and rotating
components, and the use of external devices such as acoustic duct treat-
ments and exhaust noise suppressors.
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SOME ECONOMIC ASPECTS OF THE AIRCRAFT NOISE PROBLEM

Introduction

Anyone wishing to study the problem of aircraft noise near airports will not
want for reading material. Puolished reports, papers, and statements
ampiy describe the technical and legal aspects of aircraft noise, the view-
points of the groups in conflict, and the substantial efforts to date by
government and industry to alleviate the noise. Surprisingly, there is
little written material to be found dealing with the economic aspects of the
noise problem. Perhaps this is the case because noise, in most instances,
constitutes a social cost to society -- and social costs do not readily lend
themselves to quantification, at least in terms of those economic indicators
we most often employ: dollars and cents.

We do know that, over the last decade, there has been an increasing number
of people complaining about nois: in the vicinity of airports. This has been

brought about because jet aircraft are, in fact, noisy; frequency of operations
have steadily increased; and, urban - zroachment around airports continues

at a fairly rapid pace. If the noise factor is not considered during the early
stages of de'-lopment, STOL operations can anticipate even greater public
reaction since their viability depends to a large extent in locating STOL ports
in close proximity to urbanized areas.

Our legislators, being particularly sensitive to the complaints of constituents,
have demanded positive and specific government intervention. But economists,
sen3itive as they are to social problems, tend to be a skepti':al breed -- they
know that complaining is cheap and people have a stiong inceutive to complain
whether or not they are unjustly damaged and deserve compensation if they
think complaining will change something to their benefit. Believe it or not,
some Federal Government economists still believe the market mechanism
does a pretty good job of automatically compensating for incquities or im-
balances through the pricing system -- and they are hesitant to recommend
artificial market manipulation (regulation, if you will) without strong ju, ification.
As such, the economist must raise the question: Is there an economic basis
for federal intervention in the noise problem; and, if so, what economic
objectives and criteria are appropriate for guiding governmental policies
regarding aircraft noise ?

In light of the lack of literature on the subject, I thought it may be of interest
to describe, in general terms, the economic nature of the noise problem; the
economic objectiv-s of federal intervention; economic criteria for establishing
appropriate levels of regulation; and finally, the rationale employed for
determining who should pay for noise alleviation programs. It is hoped that
the subject matter will add perspective to a particular type of noise regulation --

air aft noise certification,
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Noise Described As A Cost

It is helpful when speaking ot the cost of noise (as distinct from the costs to
alleviate noise) to understand how that cost occurs. In this regard, Dr. Kryter,
the noted psychoacoustician, has reported, in part, as follows:

"Numerous laboratory and industrial studies have been
condtcted in attempts to show that noise has an adverse
effect on physical and mental work performance. By and
large, the results of these studies show that noise per se
probably has little or no adverse effect upon performance
provided the work does not involve or require auditory
communications of some sort. These results were found
even in noise environments where the levels were such that,
if continued for several years, . . . . some permanent
damage or deafness would be inflicted upon those exposed
to the noise."

These findings indicate that noise is not a component of the typical production
cost function, at least not until some rclatively high intensity is reached.
Exceptions to this generalization can, however, be cited. In the classic legal
case _ilinvolving aircraft noise, noise from an airbase was held to have
reduced the production of Causby's chicken farm.

I might interject at this point that the number of court cases that have resulted
in compensation to those damaged by aircraft noise are, thup far, few in
number, although they do attest to the fact that people are incurring real costs.
Since 1955, about $2. 0 million has been rerovered in known airport noise cases,
and many millions of dollars m'-re are currently pending before the courts;
about one-half billion in the Los Angel -s area alone.

The theory upon which most recoveries have been based is that the plaintiff's
property has been "taken" by the airport operator by necessitating flights over
it; and that, under either the lift,, or fourteenth amendment of the Federal
Constitution, or under a similar provision of the State Constitution, he is
entitled to be paid for the property taken. "onsidering that the legal pre-
requisites for "taking" exclude, in most cases, those adjacent to the flight path
and those experiencing anything less than "substantial" interference; and, that
the CourL's criteria for computing damages probably do not reflect all costs,
it seems evident that Court cases (and the magnitude of awards) are a poor
indicator of the extent to which people are actually incurring costs as a result
of aixcraft noise.

1/ U. S. vs. CAUSBY (328 U.S. 26 - q46)
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In most situations relevant to the airport noise problem, noise constitutes
a cost because it affects the utility functions of individuals. Aircraft noise
near airports is intrusive and objectionable at subjectively determined levels
and amounts. As such, it constitutes an economic, as well as a social cost,
to society. In effect, atrcraft noise reduces the willingness of persons to
pay for the services of certain capital goods, particularly, residential
properties. The diminution in the value of the services leads to a reduction
in capital values, which ultimately constitutes the measure of constitutional
damage or taking. This diminution in the value of capital goods, from what
would otherwise be the case, is perceived from an individual viewpoint,
even if not always evident in market transactions.

Airport Noise As An External Cost

From an economic viewpoint, the root of the conflict over airport noise
is an "external" cost. By definition, an external cost exists when the production
of a commodity or service by one economic entity necessarily imposes an

unfavorable or unwanted effect on another entity, for which payment is not
provided.

Two aspects of the meaning of externalities may be noted, by way of further
explanation. One is that the term is more than simply descriptive of economic
interdependencies. Almost any economic activity by one entity has an effect
on other entities. When a manufacturer raises his prices, for example, a

series of economic effects is induced. The important feature of most such
activity is that the costs are borne (and the benefits received) by the decision-
making entity. Externalities, on the other hand, are distinguished from other
costs ,y the fact of nonpayment by the responsible entity, although it receives
the benefits.

The other important aspect of the meaning of externalities is one of viewpoint.
Externalities exist only in terms of a definer' viewpoint, or locus of responsibility.
The costs of airport noise borne by residents near airports are external from
the viewpoint of the producers of air transport services.

These costs would be internalized, by definition, if they were transferred from
residents near airports (by one means or another) to the air transportation
industry. The costs would then be internal from the point of view of the industry.

Here the goal or criterion of "economic efficiency' can be applied. Simply
stated, economic efficiency requires thait all of the Nation's scarce resources
be allocated to their most productive use. This kind of allocation is in theory
normally achieved by the market. Efficiency is not achieved if, among other
reasons, the prices of goods and services sold in the market do not reflect
their actual production costs.
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Market prices serve two purposes: as signals to consumers for purchasing,
and as signals to producers on output, or demand. If the prices of some goods
(or services) do not reflect their actual costs of production, for one reason
or another (e.g., external costs), then more resources will be devoted to the
production of these goods (or services) than would otherwise be the case.
And this in the case in the production bf air transportation services. If the
services are sold at less than their actual costs of production; that is, absent
the "external" costs of airport noise -- then air transportation production has
an advantage over other industries (all of whose costs are internal) in competing
for scarce productive resources. The conclusion is that the services provided
by the air transportation industry should reflect their external costs in the
irterests of economic efficiency.

The Reciprocal Nature Of The Aircraft Noise Problem

The basic conflict over the external cost of airport noise involves two special
groups.- Social and economic costs are being imposed by the air transportation
industry upon residents near airports. Economic costs are being imposed
at least indirectly y residents near airports upon the air transportation
industry. Both groups are special in the sense of being a small fraction of the
total p'pulation and of the total economic activity in the United States.

The fact that two groups are in conflict is not of itself a sufficient reason for
government intervention -- either in the form of restraining action or financial
assistance. Looked at in the abstract, an external cost may simply be tolerated
if it is not serious. When it is serious, as is the case with airport noise,
agreements may be arranged between the conflicting groups involved to provide
for compensation or restraints. Governmea. intervention is wai:,anted,
however, when the cost in some sense is serious and the groups in conf ct
are incapable of reaching agreement.

When a government (at any level) intervenes in a problem area of external
costs, it is appropriately concerned not simply w .h restricting the group
responsible for the costs - - assuming the activity is not illegal. In all such
cases, the government must be concerned with the unfavorable ronsequences
of imposing restraints upon the group responsible for the costs, as well as
the unfavorable consequences to thcse on whom the costs are being imposed.
A unilateral approach to the airport noise problem, for example, would require
only the imposition by government of restraints upon civil aviation. This
approach fails to recognize that the unfavorable consequences of such action
against civil aviation are also a mratter of concern to government. Reducing
costs of airport noise to residents imposes costs upon civil aviation, and
directly and indirectly upon other g: -ups up to and including the general public.
In this sense, the problem is reciprocal. The equitabe approach for government
is to consider both sets of costs as marginal and total costs, and to choose
courses of remedial and preventive action to aquate the marginal costs and
reduce total costs to a minimum.
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Criteria For Determining Appropriate Levels Of Standards

In the field of air transportation, it is clear that the government has powers
which enable it to circumvent the market. However, there is no reason to
suppose that restrictive regulations, made by a fallible administration, subject
to political pressures and operating without any competitive check, will
necessarily always be those which increase the efficiency and ecuity of the
economic system. On the other hand, there is no reason why such government
arrmnistrative regulations should not lead to an improvement in economic
efficiency and equity if the methods by which government arrives at standards,
and the rationale behind ts decision-making, is sound.

Two ists would suffice for a rational setting of aircraft noise standards --
in one, all the changes necessary to bring about a given reduction in noise
exposure and, in the other, all the consequences that result from such a
reduction. If the items in each list could be assigned realistic dollar values,
the list would represent two broad categories of costs. The first we could
call the "cost of control" (to those producing the noise) and the second the
"cost of noise" (to those perceiving the noise), since it represents the benefits

foregone in the absence of controls.

By the way of illustration, the cost of noise might be represented by the
curve in Figure 1.

FIGURE 1

TlOTAL COST OF NOISE

CNPhysical Damage

Property Devaluation

Litigatio n /1

d Psychic Cost

(Ambient) (Current Value)

NOISE EXPOSURE
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The CN curve is the aggregate of all costs to those in the vicinity of airports
resulting from aircraft noise. Unlike other pollutants, there are few di-tect
aircraft noise costs or losses which can be easily or accurately me-sured and
quantified. Noise does not damage paint, for example, as do some forms of air
pollution. If so. the damage could be measured in terms of the cost required
to repaint an affected house or other such structure (over and above that
which might be incurred as a result of normal maintenance requirements).
Neither does it endanger fish and wildlife as does water pollution where economic
losses are easily identified. There is no evidence that aircraft noise results
in measurable physical damage to humans working and residing in the vicinity
of airports.

There are, however, some disaggregated indices of noise damage which, combined
with good qualitative analysis and realistic assumptions, may be aggregated to
produce usable data inputs for developing the curve. Some such indicies can be
measured by market and transaction costs. Damage awards resulting from noise
litigation cases and differentials in the rise and fall of real estate valuies in
noise blighted areas are but two examples.

For the majority of noise costs, there are no market reflections whatsoever.
The most important and difficult example of this type of loss is what might be
called "psychic costs". This category includes everything from the distress of
having a baby woken in the middle of the night to the irritation of having one's
conversation disrupted by aircraft noise.

Quantitative analyses have generally ignored this category on the primary
ground that it cannot be accurately measured. While this is true up to a point,
it should be kept in mind that the organiration and structuring of the problem in
terms that are useful for measurement, and the clarification of issues that
typically result from such an exercise may be of as much use to the decision-
maker ad the measurements themselves. It also becomes important when one
considers that federal involvement in the noise problem was prompted by an
increasing number of complaints; and complaints, as previously mentioned,
are poor indicators of costs deserving of compensation. Thus, we are making
a conscientious and concerted effort to identify and quantify, to the extent
possibl6, the relevant social costs of noise.

We are currently engaged in a number of socio-economic studies and surveys
which will shed more light on the mechanics of quantifying social and phychic
costs. Others are being planned for implementation in the near future.
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FIGURE 2

TOTAL COST OF NOISE CONTROL

(CC)

Other

~ Land Use

,~Engine Mods.

Airframe Modifications

Operating Procedures

(Ambient) (Current Value)

NOISE EXPOSURI

The cost of noise control curve, CC, in Figure Z is composed of alternative
actions which, in whole or in part, provide a means for alleviating the aircraft
noise problem. The aggregate of these actions define the total curve.

Within tho, current state-of-the-art, the following can be considered as major
alternatives, and to form the cost of control curve:

1. Aircraft flight path and operational changes
Z. Aircraft retrofit modifications
3. Engine retrofit modifications
4. New aircraft and engine design changes developed exclusively for noise

abatement purposes
S. Airport changes

6. 'and use changes
7. Structural soundproofing

Each of these alternatives can be quantified by means of direct measurement;
that is, by establishing the incremental cost of implementing each alternative
as a function of the corresponding incremental effectiveness of reducing aircraft
noise exposure. And, of course, a great deal of research and development work
is being pursued by both government and industry to define this curve.

151



8.

The costs of aircraft noise control and the costs of noise zre portrayed together
in Figure 3.

FIGURE 3

(CC) (CM)

D B C

NOISEt EXPOSURE

As the level of aircraft noise increases to some point A, the curve CN begins

to rise, since people begin to incur costs as a result of aircraft noise. The

curve CN may become nearly vertical at point C where physical damage results
from exposure to noise. The curve CC is zero at some point B -- the noise

level cxisting in the absence of abatement controls. As efforts are made to

reduce noise, the costs of these efforts increase until the curve CC becomes

vertical at some point D, where the state-of-the-art is reached and noise

cannot be further reduced regardless of the money spent.

The best leve' at which to set a noise standard (or goal. in the case of reducing

the noise exposure) is where b-th the costs of noise and the :osts of control,

taken together, are minihium .- (point E in Figure 3). Figure 4 shows the

marginal cost curves, each of which ir1icates how the corresponding curve in

Figure 3 changes for a small change in the noise exposure. The MCC curve

has been plotted in the same quadrant as the MCN curve for convenieuce of
presontation. Here, the appropriate standard is indicated by point E where

the marginal cost of control (MCC) equals the marginal cost of noise (MCN).

That is, where every dollar spent on mcise control reduces the cost created

by aircraft noise by ." equal amount.
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V&GURE 4

(MCC) (MCN)

NOISE EXPOSURE

If measurements are to be useful within this analytical framework, they should
posoess certain characteristics. First, they -" 't tell more than the current
total costs of noise and of control; knowing only the current point on the curves in
Figure 3 could be misleading. Informed decisions reqvire a knowledge of current
marginal costs wnich indicate the direction, if not the exact point, toward which
policy should move. For example, at noise exposure level E in Figure 3, the
cost of noise is higher than the cost of control. If money is spent 0o reduce the
noise exposure level until both costs are equal, the combined costs would
increase and be larger than the minimum combined costs shown at point E
in Figure 4.

It is important also that measurements represent minimum costs. With uespect
to the cost of control, the standard will not be set correctly unless each point
on the curve represents the minimum cost of achieving the implied reduction
.n noise exposure. The same is also true for costs of noise. If it is cheaper
for the noise victim to move than to continue s,%ffering, only the losses he would
incur in moving should be includvd in the cost of noise curve. If this procedure
is not followed, the standard could easily be set too low, considering the
interest of thei noise generator as well as those o the person who suffers
from noise.

Point E (the equilibrium point of the marginal costs curves) will represent the
appropriate standard (or goal for public p:Licy) only if the cost of noise and of
noise control curves measure and aggregate all relevant benefit and couts
adequately. Realistically, of course, many important consequences cannot be
measured in dollar costs so that good qualitative analysis must also be applied
in the analytical process -- &Al of which, in the final analysis, is intended to
complement (not replace) the experience, intuition, and judgment of the
decision-maker.
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The Aszignment Of Cost Responsibility

I have thu6 far described, in general terms, something of the economic nature
oi the noise problem, the costs involved, and the role of quanti-ative economic
analysis in aiding the decision- waker in selecting courses of acticn which can
lead to in efiicient and equitable solution to the no.ae probiem. Such courses
of action will necessarily involve the expenditure of funds to implement noise
aileviation pro-_rams. The question can now be asked: Who shouid bear the
costs of new programs to alleviate aircraft noise in the vicinity of airports and,
if you will, STOL ports ?

The legal liability for airport noise has in a limited manner, been assigned to
the airport operator (and the local government) by the United States Supreme
Court in the Grig-g case. It seems clear to Ine, based on the Griggs decision
as a precedent, that the Federal Government will not have added financial
responsibiPty for airport noise alleviation. The various congresaional hearings
leading up to the passage of Public Law -0-411 which directs the Federal
Aviation Administrator to certify aircraft for noise also indicates that Congress
does not intend that implementation of this legislation should result in federal
financial preemption for noise damages.

In establishing the economic basis for assigning cost allocation responsibility
neither the goals of economic efficiency or equity can be designated aa the more
important in any tot ' sense, except by value judgment or the expression of
personal preference. As previously establiched, the goal of economic efficiency
is not achieved unless the prices of goods and services sold in the market
reflect their actual production costs. The conclusion is that the services
provided by the air transport industry should reflect their external costs, and
this means imposing the cost of new programs to alleviate airport noise on the
industry and ultimately on the air travelers and shippers.

The goal of economic equity is less neatly applied to compare alternative
assignments of cost responsibility. The problem involved in its use is that there
is no objective way of deter-iaing the optimum or fairest distribution of the
Nation's income. One viewpoint to adopt is that the distribution of income
provided by the market (in a total sense) is the optimum. There are, however,
good reasons for rejecting this viewpoint; for example, the existence of
monopoly elements and other imperfections in the market mechanism.

Although it cannot be demonstrat.ed scientifically that any given incremental
change in the Nation's income distribution would be more or less equitable
than no change, government policy on this subject when choosing among
operi ting programs need not be inconclusive. If cost responsibility for
alleviating airport noise is to be assigned in whole or in part to the general
public, its income in a real money sense will, of course, be less tha would
otherwise be the case. And, similarly, if the cost responsibility is assigned to
the air travelers and shippers, their incomes will be reduced. It seems evident
that air travelers a ,d shippers cannot be regarded as economically deprived

154



11.

groups. Thus, the economic welfare of the Nation will ,ot have been Imprved
in any sense ' transferIing income from the general taxpayers to these groups.
Nor is there any basis in economic welfare for transferring income from the
residents around airport to the air travelera and shippers -- as is the case when
the residents bear without compensation the costs of objectionable airport
noise. Thb conciusion se-ems warranted, subjective though it is, that the
allocation of costs indica!2d by the criterion of economic efficiency need not
be changed to achieve eqait7 in the form of an improved distribution of the
Nation's income.

Thus, the cxiteria o! econoniic efficiency and equity indicate that those wLL
gain from the uae of the air transportatIon s ystem compensate (by one moans
or another) those who incur cost in the provision of the system's services;
whether the cost be in th2 form of fuel consumed, aircraft maintenance,
pilot's salaries, or aircraft noise. These primary beneficiaries can be expected
to pass on their added costs to the general public to the extent warranted by the
market mechanism, without intervention by the Federal Government.

Summary

To briefly recapitula.te:

1. The problem of aircraft noise is most notably one of conflict between two
special groups. Social and economic costs are being imposed by civil
aviation upon residents near airports. The basis for t- conflict over
airport noise is what economists call an "external" cost. The production
of air transport services involves costs in the form of aircraft noise which
are not now paid for by the producer, and are in this sense external to
civil aviation. The problem is reciprocal, however. Reducing the costs
of noise to the residents can impose cost on civil aviation. In the interest
of equity, government must consider both sets of costs and choose action
programs to equate as nearly as possible marginal costs and to reduce
total costs.

2, Quantitative economic analysis plays an important role in choosing
regulatory goals (or standards) which are fair and equitable considering
the interests of both the picoducers and recipients of aircraft noise.

3. And, finally, the criteria of economic efficiency and equity requires
that the net costs of alleviating aircraft noise be imposed on the industry
and be borne ultimately by the air travelers and shippers.
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CONCLUDING REMARKS - STOL NOISE CONFERENCE
I. H. HOOVER

Now that we have reviewed several aspects cf STOL aircraft development
and operation which, in some way relate to the potential STOL noise
problem, I would like to initiate FAA rulemaking activity in that field.
I propwte ta do that in three steps:

1. Raview the NPRM on noise certification of transport and turbojet
powere aircraft released on January 6, 1969;

Z. Dis-s the environment in which that NPRM was developed and
the differences which exist in relation to development of STOL
noise control regulations; and

3. After a brief review of two concepts which have been considered-
within FAA, I want to enlist your assistance and participation in
the development of a noise certification rule which will assure that
the potential offered by STOL operations can be realized in a
socially a.zceptable manner.

SLIDE 1 - The recently issued NPRM on noise certification proposes
four fundamental actions:

1. The ectablish:ynent of a noise objective above which actual levels
must be justified (New Part 36);

2. The establishment of noise ceilings with tradeoffs (Appendix C);

3. The definition of procedures for conducting flight noise demonstrations
(Appendix A); and,

4. The designation of a noise evaluation unit - EPNdB (Appendix B).

SLIDE 2 - The framework upon which the noise ceiling values are based
is the original three-point concept proposed by the agency in September 1966,
but with me change in the location of those points. An approach point is
established one nautical mile from the thresholk .,nway with the
aircraft on a 30 glide slope (310' altitude). The side,..e measuring location
is 1, 500' to the side of the runway centerline at that point after liftoff where
the noise level is greatest. The takeoff measuring point is located 3.5
nautical miles from the str-rt of takeoff roll. A thrust reduction is permitted
to achieve required takeoff noise levels provided the aircraft has achieved
an altitude of at least 1, 000' and the thrust is not reduced below that level
which will provide a 6% climb gradient thereafter.

157



SLTDE 3 - 80 EPNd3 is identified on this slide as the floor noise level or
"noise Objective" as stated in the NPRM. This value represents a desirable
goal for all aircraft and FAA will not pressure manufacturers to achieve:
levels below 80 EPNdB. Manufacturers are r'-quired to Justify noise levels
in excess of that value and they cannot exceed the ceiling values identified
on the chart for sideline approach and takeoff. The value of 80 EPNdB
was selected on the basis that it permitted face-to-face communications
outdoors and with the sound attenuation of average residential construction,
should permit normal indoor activities to be conducted with minimum
interference. The requirement that all aircraft be as quiet as practical
(exceed the noise objective no more than necessary) tends to be vague
and difficult to administer, so we have included a list of tht noise sources
for each type propulsion system which the FAA expects manufacturers to
address and minimize to the extent that it is "economically reasonable,
technically practical, and appropriate to the particular aircraft type."

The ceiling noise levels shown on slide 3 vary with the gross weight of the
aircraft and represent what FAA considers to be the lowest ceiling level
that can be justified, considering the present technology available for noise
reduction. The levels are well above any "acceptable level" but can be
rational4 zed on the following tbais.

We have a thriving commercial air transport industry recognized by society
as a social and economic necessity. Since the social and economic benefits
of air transportation are recognized and accrue to everyone in the community
that the airport serves (and to everyone in the country in a lesser sense),
it is reasonable that a relatively synall minority living close to the airport
be asked to pay a reasonable social cost to make the benefits of air commerce
avAilable to the total metropolitan community. In fact, it is more than
reasonable; it is necessary. It is equally necessary that that same minority
paying the social cost be, in some manner reimbursed, and the failure to
provide such reimbursement is one of the roots of the present noise problem.
This suggests that equity might be better served and the noise problem
partially alleviated by reducing ixes in areas of high noise exposure (in
relation to the total noise exposure - NEF) and that the lost revenues be
made up partly by the total community which the airport serves and partly by
some charge levied on the users of air transportation. Regardless of the
presence or absence of equity near airports today, the fundamental point
remains that a tradeoff between social costs and social and economic benefits
is reasonable and necessary for the health of the existing air comr.rce
industry and our society.
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STOL noise control regulations are being developed in a different environment.
The industry, in terms of large aircraft with high cruise speeds capable of
city center to city center operations, does not exist and is therefore not
recognized as essential by the public. STOL type operations presently
being conducted by air'raft with light wing loadings having STOL operational
capabilities do exist today, but a sudden interruption of those activities would
not result in an urgent demand by the public that they be resumed. Further,
they are cornetimes conducted by aircraft with undesiratle noise characteristics,
which has not enhanced public anticipation of metropolitan STOL operations.
With this situation, the public may oppose the development of urban area STOL
ports and certainly will oppose the introduction of new noise sources in
suburban areas if the noise levels are higher than considered "acceptable."
Therefore, indusery must develop aircraft that have noise characteristics
considered in some sense "acceptable," if operators are to enjoy re'i~tive
freedom from operational restrictions. As I understood today's technu.-l
presentations, it appears that STOL aircraft with acceptable noise
characteristics at close distances are not on the horizon. That then requires
that the concept of tradeoffs between social costs and social and economic
benefits be instituted, if economically viable STOL operations are to be
realized in the next few years. The challenge in public relations and education
that this requirement presents to those contemplating STOL operations is
not small, but for urban STOL ports can be met. In suburban areas with
relatively low ambient noise levels, it is doubtful that a tradeoff of the
necessary magnitude would be aceptable to the public.

SLIDE 4 - One noise certification concept that has been considered by FAA
for STOL ai-:raft is the three-point concept proposed for more conventional
aircraft, but with the measuring points located at much closer distances
because of the operational characteristics of STOL aircraft and the requirement
that only relatively small areas can be devoted to urban STOL ports. No
noise levels have been considered to date, but discussing specific measurement
locations permits the relative assessment of noise characteristics of proposed
STOL aircraft concepts.

The three-point certification concept has the disadvantage of introducing
arbitrary constraints into the aircraft design cycle, and conceivably more
than one class of STOL port with varying distance criteria and runway
lengths might be required. In any case, noise certification of an aircraft
under this concep would not necessarily assure operations into all STOL
ports and operational restrictions would probably still be necessary.

SLIDE 5 - Slide 5 shows a STOL port located along a river in an urban area
where the noise sensitive :ommunities are identified by the shaded zones.
Areas relatively insensitive to noise are not shaded. This type of location
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(which wi , robabl-y support the first econoinicaJlly viable STOL city center
operation) suggests a differeno approach to noise certification which I call
the "operational restriction concept." Under this concept, noise certification
of airctaf*. would consist simply of FAA validation of the aircraft's noise
characteristics (roise footprints or contours generated by the aircraft at
different weights and at a variety of temperatures, wind conditions, and
altituded). An aircraft would then be permitted to operate from any STOL
port where it would not exceed some defined noise level at the edge of the
nearest noise sensitive atea. On slide 5, I have shown the noise contour
of an aircraft orerating in one direction. If the finger of noise sensitive
area projecting in toward the SIOL port at one end were converted to noise
compatible ,@age, two-way operations would be permitted, and aircraft
generating even slightly highe7, noise levels than that shown, could be accepted
into the STOL port. This operational restriction concept is very flexible,
and further provides incentives for manufacturers to design the quietest
possible aircraft so that they can get into the largest number of STOL ports, and
for STOL port developers to locate in or achieve the largest area insensitive
to noise so that they can be served by the largest possible STOL aircraft.
No "defined noise level" is proposed, ho vever, the 80 EPNdB noise objective
previously proposed suggests itself as st...h a level. In urban areas with high
ambient noive levels, it might be permissible to use some increment above
the ambient noise level; however, this presents a danger to the suburban
STOL port since its neighbors might insist on that same increment above their
low ambient noise level ad their ceiling.

I wish to conclude by asking you to do two things:

1. Discuss the problems of STOL noise certification and operation within
your companies and industry; E nd,

2. Forward to FAA directly or through your trade organizations, your
suggestions on what type of certification concept will meet our common
aims. Also, please indicate your willingness to participate in a task
force whose job wili be to develop and recommend to the Administrator
a draft ru.e which, hopefully, he can propose to the public in a Notice
of Proposed Rulemaking for cormment by all interested parties.
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APPENDIX B CONFERENCE ON ST,)L TRANSPORT January 30, 1969
AIRCRAFT NOISE CERTIFICATION FAA Auditorium

9:30 A. M.

I - Welcome by Associate Administrator for Operations

II - STOL Development

A. The FAA Rol, ir STOL Development
Mrs. Jean B. Barriage - FAA Aircraft Development Service

B. Noise Study of Transport Designs
Wallace H, Deckert - NASA Ames Research Center

III - STOL Ndise Generation and Propagation

A. Noise Source Characteristics of Engines and Propellers
Harvey H. Hubbard and Domenic J. Naglieri - CASA Langley
Research Center

B. Characteristics of Noise Generated by Ducted Propellers
and Fans
David H. Hickey - NASA Ames Research Center

IV - STOL Operational Considerations

A. STOL Noise Abatement Operational Considerations
Alder P. Betti and Paul D. Wilburn - FAA Flight Standards
Service

B. The STOL Port and Its Environment
George L. Buley - FAA Airpotts ServL,
Myles H. Reynolds - FAA Air Traffic Service

12:00 - 1:30 - Lunch

V - Noise Reduction Techniques

A. Some :lew Developments in the Noise Reduction in Ducted
Propellers and Fans
David H. Hickey - NASA .m Research Center

B. Noise Reduction Techni*rk f or Engines and Propellers
Domenic J. Maglieri and John L. Crigler - NASA Langley
Research Center

VI - Aircraft Noise Certification

A. Noise Evaluation for Certification
William C. Sperry - FAA Office of Noise Abatement

B. Economic Aspects of Noise Certification
George P. Hunter - FAA Office of Noise Abatement

C. Notice of Proposed Rulemaking and Standards for STOL Transports
Isaac H. Hoover - FAA, Director of Office of Noise Abatement
Ricb&rd W. Danforth - FAA Office of General Counsel

VII - Open Comment and Discussion
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